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Ecology and life cycle of a Nitella sp. from Capel Wetlands, Western 
Australia 
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The morphology, ecology, life cycle pattern and taxonomy of a Nitella sp., a charophyte from three 
sand-mine-void lakes at the Capel Wetlands Centre, were investigated both in the field and in the 
laboratory. Water depth was positively correlated with the height of the Nitella sp. Low numbers of 
gametangia were associated with high water depth. Life cycle of the charophyte was shown to be 
adapted to the hydrological regime and water quality of the temporary lakes at Capel Wetlands 
within the pH range of 5 to 9. Laboratory cultures of the species as well as its occurrence in lakes in 
the Perth Metropolitan region under various trophic conditions indicate that the species has wide 
ecological tolerance. The charophyte begins its life cycle with autumn rains filling the temporary 
wetlands and continues to grow throughout the winter. By spring, reproduction is initiated. Mature 
oospores are produced by the end of summer, coinciding with the decline in water level followed 
by the drying of the lakes. Morphology of vegetative and reproductive structures, reproductive 
state and ultrastructure of oospores were combined to provide a description of the species. The 
number of accessory branchlets was found to be variable. The Nitella species is placed under the 
subgenus Decandollea section Decandollea and shares characters of N. congesta (R Brown) A Braun 
and N. Ihotzkyi A Braun. 

KEYWORDS: charophytes, ecology, life cycle, mine-voids, Nitella congesta, Nitella Ihotzkyi, 
wetlands. 



INTRODUCTION 

Very little published information is available on 
charophytes of Western Australia. Most of the published 
works on Australian charophytes are from the Eastern 
States. Charophytes are pioneers of newly established 
wetlands (Zanereld 1940) and have been known for their 
ability to ameliorate water quality and increase 
productivity of wetlands (John 2003). As water quality of 
wetlands deteriorates, charophyte diversity tends to 
decrease (Blindow 1992a; van den Berg et al. 1998; Kufel 
& Kufel 2002). Identification of charophytes beyond the 
genus level often requires consideration of not only the 
morphology of the vegetative structure and arrangement 
and ultrastructure of reproductive bodies but also the 
monoecy or dioecy nature of reproduction. A Nitella sp. 
was found to have colonised a number of sand-mine- 
void wetlands at Capel, Western Australia in the early 
1990s. The colonisation started from the bottom end of a 
chain of 15 lakes when the pH changed from 4 to 5. 
Colonisation of this charophyte was found to have 
significantly contributed to the development of the lakes 
at Capel Wetlands Centre. These wetlands were 
oligotrophic with high mineral content (John 2003; 
Annan 2008). The charophyte species in this study has 
been also found in Lake Leschenaultia and in many 
urban stormwater wetlands and artificial lakes (e.g. Lake 
Bungana in Maylands) around Perth. The range of 
aquatic environments occupied by charophytes, coupled 
with their response to lake restoration make them 
relevant in the management of wetlands (Coops 2002). 
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Charophytes include five distinct genera: Chara, Nitella, 
Lamprothamnium, Lychnothamnus and Tolypclla. The genus 
Nitella is characterised by forked branchlets (furcation), 
compressed oospores, terminal antheridia and 10-celled 
coronula in the oogonium (Wood & lmahori 1965; 
Casanova 2009). 

The growth and mortality of charophytes may be 
influenced by factors such as temperature, water depth, 
transparency, pH, flow, turbulence, the presence of 
herbivores, shading by other macrophytes, and nutrient 
concentrations in the water and sediment (Meiers et al. 
1999; Casanova & Brock 1999). Charophyte growth rate 
differs according to substratum particles (Andrews et al. 
1984a) water depth (Andrews et al. 1984b), and to some 
extent nutrient status (e.g. phosphorus concentration: 
Blindow 1988; Kufel & Kufel 2002). Charophytes can be 
classified as annuals or perennials depending on the life 
cycle pattern. They can be either monoecious or 
dioecious. In the monoecious species the male and female 
reproductive bodies are borne on the same individual, 
can be attached at the same node (conjoined) or at 
different nodes. Fertilized oogonia develop into oospores. 

The ultrastructure of the oospore wall and sometimes 
supplemented by chromosome numbers is important in 
the identification of charophytes (John & Moore 1987; 
Casanova 1997, 2009; Garcia, 1999, 2001, 2002; Sakayama 
et al. 2002, 2004, 2005). The oospore of charophytes is 
protected by a sheath of five spirally disposed cells 
known as the tube cells and when fertilised, develops a 
thick multilayered wall. Ridges, which ascend spirally 
from right to left are formed from the lower lateral walls 
of these spiral cells and later develop into a prominent 
flange or wing-like protrusion. The area of the wall lying 
between each spirally disposed ridge is called the fossa. 
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Figure 1. (a) Map of Australia showing site, (b) Chain of lakes that make up the Capel Wetlands Centre. The lakes coloured blue are 
the lakes selected for the project. 
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The fossa is often ornamented and this is a species- 
specific feature. Fully mature oospores have characteristic 
ornamentation, offering more reliable information than 
non-mature ones since the latter either lack, or have 
weakly developed, ornamentation (John & Moore 1987). 

The objective of this paper is to report investigations 
on the morphology, life cycle, ecology and identity of a 
Nitella sp. from the Capel Wetland Centre, Western 
Australia by field and laboratory culture observations. 

MATERIALS AND METHODS 

Site description 

The charophytes investigated were from Capel (33°S, 
115°E), midway between the regional centres Bunbury 
and Busselton, 200 km south of Perth, Western Australia 
(Figure la). The annual average rainfall for the Capel 
region is 730.3 mm (Bureau of Meteorology 2008) and the 
climate is Mediterranean characterised by dry summers 
and wet winters. The region is originally comprised of 
mixed woodland interspersed with tuart groves, sandy 
areas of Bnnskia woodland and wet swampy areas with 
peaty edges (Davies 2002). 

Since 1956, sand deposits, mainly titaniferous minerals 
ilmenite and rutile have been mined from Capel (Brooks 
1991; Qui et al. 2002). The mining operations were 
extensive with the removal of large quantities of sand 
from the orebodies with, significantly, no backfilling. The 
pits created after the extraction of mineral sands 
intercepted the water table with the resultant formation 
of mine voids (pits) which were converted into artificial 
wetlands by landscaping and creating islands and 
peninsulas, and planting fringing vegetation between 
1975 and 1979. The wetland lakes were originally used as 
a source for mineral processing. These lakes were acidic 
with pH ranging from 2 to 4. 

A Nitella sp. was later found to have colonised a 
number of the interconnected linear chain of 15 lakes at 
the Capel Wetlands Centre. The first record of the Nitella 
sp. in the lakes was in the early 1990s in two lakes (John 
1993). A study conducted in 1987 to assess the water 
quality of the wetlands indicated that the very low pH 
posed a problem impeding the development of the lakes. 
The low pH of the lakes was the result of the acidic 
effluent water discharged from the processing plant to 
the top lake in the chain of the mine-void lakes. The 
effluent was neutralised from 1988 to 1993 thus raising 
the average pH of the lakes to more than 7. In 1996, four 
more lakes were found to have been colonised by the 
Nitella species and in 2003, with further increase of pH, 
12 lakes were recorded to have the charophyte (John 
2003). Its presence was found to have significantly 
contributed to the development of the lakes at Capel 
Wetlands Centre. Three lakes. Plover North Lake, Plover 
South Lake and Nitella Lake, from a chain of mine-void 
wetlands all of which had abundant charophytes were 
chosen for this study (Figure lb). 

Morphological studies 

Samples of healthy charophyte shoots were collected 
from the field and washed to remove as much debris as 
possible and observed under a Leica dissection 


stereomicroscope. The shoots were excised from the apex 
downwards and various morphological features such as 
the main axis, branchlets, primary, secondary and dactyl 
cells were observed and measured. Both antheridia and 
oogonia were examined and their dimensions measured 
under dissection stereomicroscopc and compound 
microscopes and micrographs taken as required. 

Scanning electron microscopy (SEM) of oospores 

The ornamentation pattern of the oospore can be 
considered a highly reliable consistent character and 
therefore of a significant diagnostic feature (Boszke et al. 
2008). For the genus Nitella, oospore morphology serves 
as an indicator in speciation in the absence of breeding 
studies (Casanova 2009). The oospores were cleaned for 
scanning electron microscopic observation using the 
acetolysis method after John & Moore (1987). The cleaned 
oospores were placed on glass slides and were heated on 
a hot plate at low heat, until all the water was 
evaporated. The oospores were then mounted on 
aluminium stubs with a double-sided transparent 
adhesive tape, sputter-coated with gold and viewed with 
a Phillip's XL 30 Scanning Electron microscope using 
secondary and backscattered electron detectors with an 
accelerating voltage of 15kV. Oospore characteristics 
were outlined following descriptions given by Wood & 
Imahori (1965), Haas (1994), Garcia (2001, 2002) and 
Casanova (2009). 

Growth studies in the field and laboratory 

Charophyte samples were harvested monthly from May 
to November in 2004 from Nitella Lake, Plover North 
and Plover South Lakes at the Capel Wetland Centre. 
Measurement of height, number of nodes and number of 
branches were recorded for 25 individuals during each 
sampling. Height was measured from the apical 
meristem to the point of attachment of rhizoids. Nodes 
and branches were also counted along the axes for each 
individual. The growth measurements continued until 
the first sighting of reproductive bodies. Data on length 
were used to calculate mean growth rates taking 
elongation of the shoot as a proxy for growth in the field 
using formula 1 (below). One-way ANOVA was used to 
compare means of the three different groups (i.e. 
individuals from Nitella Lake, Plover North Lake and 
Plover South Lake) to find out whether there was any 
significant growth difference among the three lakes. 
Statistical package SPSS Grad Pack 15.0 was used for all 
the statistical analyses. 

Sediment samples containing oospores of charophytes 
were collected from Nitella Lake, Plover North and 
Plover South Lakes (at a depth of -30 cm and a distance 
of 1 m from the western banks) in 2004. The sediment 
samples were dehydrated by evaporation and equal 
amounts of sediment were transferred into three 
aquarium tanks (30 L glass tanks) in the greenhouse at 
the Department of Environmental and Agriculture, 
Curtin University of Technology. Twenty litres of lake 
water was added slowly to each tank. The aquaria were 
aerated with pumps and air-stones and left in natural 
day length conditions from 30 April to 30 November 2004 
(244 days). Water levels were maintained by adding lake 
water. 
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The germination and growth of germinants were 
monitored. Measurement of height, number of nodes and 
branches were recorded for 20 individuals (selected at 
random and tagged loosely by carefully tied red-coloured 
thread around the thallus) from each tank. This was done 
from the onset of emergence of the germinants up to the 
first sighting of reproductive bodies. Height was 
measured from the apex of the thallus to the upper 
surface of sediment where charophyte rhizoids were 
located. The number of nodes and branches were counted 
along the axes of tagged individuals. One-way ANOVA 
was used to compare means of the three different groups 
to see whether there were any statistically significant 
differences. The growth rates G r (mm/day) were 
calculated from the shoot length data using the formula: 


where H 0 is the length of the shoot at time zero and H ( is 
the length of the same shoot after a period of t days. 

Water depth vs height of Nitella 

Two sites (one shallow and the other deeper) were 
selected from Plover South Lake (shallow, 33°36.19”S, 
115°30.11"E and deep, 33°36.17"S, 115°30.25"E) in 2005 
and the mean heights of the Nitella sp. shoots were 
measured against the water depth monthly from June to 
November. Plover South Lake was selected because it 
was the deepest among the three lakes for the study. 
Data obtained were subjected to regression analysis to 
determine any statistically significant relationship 
between water depth and height of Nitella sp. shoots. 

Life cycle studies of the Nitella sp. in the field and 
laboratory 

The morphological changes of the Nitella sp. cultured 
were observed fortnightly in the field and on daily basis 
in the laboratory culture. Timing of production of 
gametangia (antheridia and oogonia) and the duration of 
their maturity were recorded. The reproductive bodies 
were collected, measurements taken and features viewed 
under a Leica stereomicroscope. Where possible, 
photographs of the stages were taken. Male and female 
shoots from the tagged samples in the culture tanks and 
from field samples were counted to determine the sex 
ratio. 

Frequent monitoring of the water quality of the lakes 
were done during the duration of this study with 
additional sampling in 2008. 


RESULTS 

Morphological studies 

The vegetative features of the Nitella sp. are illustrated in 
Figure 2(a). The apical meristem and the main axis are 
ensheathed by mucilage. From the apex (topmost whorl) 
downwards, the number of branchlets at the nodes 
varied. The number of branchlets from the 1st to 3rd 
nodes from the apex were consistently 8 (Figure 2b). 
However, from the 4th node, the number of branchlets 
changed. At the 4th node, in addition to the primary 
branchlets, accessory branchlets were seen either at 
developing or developed stages. The total number of 
branchlets at the 4th node ranged from 15 to 20. From the 
4th node downwards to the rhizoids, the accessory 
branchlets were consistent and well developed. However, 
at the lowest part of the thallus, the accessory branchlets 
were absent. Additionally, the accessory branchlets were 
irregularly arranged in between the primary branchlets, 
some above and some below the node. The primary rays 
(labelled P in Figure 2i) were observed to furcate into 5 
or 6 secondary rays. The secondary rays (labelled S in 
Figure 2k) terminated into 5-6 dactyls (labelled D in 
Figure 2k) which were 2-celled. The antheridia were 
solitary, orange coloured and had 8 shield cells, 375^50 
pm in diameter and located terminally at tire point of 
furcation (Figure 2f, g). Oogonia were gold coloured and 
1-3 at points of furcation on female individuals (Figure 
2h-m). They were 650-750 pm long and 400-500 pm 
wide with 7-9 convolutions. Coronula in 2 rows of 5 and 
were 30-45pm high and 50-60pm wide at the base. 

Oospore structure by SEM 

Oospores were identified using the following parameters 
and descriptions. Results were compared with those of 
Wood & Imahori (1965), Garda (1999, 2001, 2002) and 
Casanova (2009). The length was 415-500 pm; width 
300-400 pm and length:width ratio 1.0-1.6. The shape of 
the oospore is described from different views: apical 
view, flattened (Figure 3a); lateral view, compressed 
(Figure 3b); ridges are prominent, 7-9 in number (Figure 
3b); basal view (Figure 3c); colour is light-brown but 
turns dark-brown when mature. The oospore membrane 
ornamentation is imperfect reticulate (Figure 3d). 

Growth studies in the field and laboratory 

The highest growth rate in the field was observed in 
Plover South Lake in winter corresponding with the 
lowest mean temperature 18°C (Table 1). The mean 


Table 1 Field growth rate (mm/day) of Nitella sp. in Plover South, Plover North and Nitella Lakes with corresponding 
mean temperature (°C) in 2004. n = 25. 



Plover South 

Mean 

Plover North 

Mean 

Nitella 

Mean 


Lake 

Temperature 

Lake 

Temperature 

Lake 

Temperature 


(mm/day) 

<°C) 

(mm/day) 

(°C) 

(mm/day) 

(°C) 

Autumn 

0.52±0.30 

23.0 

0.61±0.30 

22.0 

0.50±0.13 

23.4 

Winter 

1.92±0.89 

18.0 

1.17±0.62 

18.7 

0.79±0.33 

19.2 

Spring 

0.95±0.29 

24.5 

0.74±0.65 

23.8 

0.36±0.36 

26.0 
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Figure 2. Morphology of Nitella sp. from Capel Wetlands, (a) Habit showing whorls of branchlets and internodes; towards the apex the 
intemodes are compacted; whorls of branchlets spread out as mucilage was shed off. Scale bar, 5 mm. (b) Whorls of branchlets at third 
node without accessory branchlets. Scale bar, 500 pm. (c) Whorls of primary branchlets with developing accessory branchlets (three 
arrowed) at fourth node from the apex of thallus. Scale bar, 500 pm. (d) Whorls of primary branchlets and developed accessory 
branchlets (two arrowed) at fourth node from the apex of thallus. Scale bar, 500 pm. (e) Whorl of primary branchlets from the mid¬ 
portion of thallus with accessory branchlets. Scale bar, 1 mm. (f, g) antheridia (globules), male sex bodies. Scale bar, 400 pm. (h) 
Developing oogonia (nucules) showing five tube cells. Top view of the coronula cells (arrowed), (i) Developing oogonium at point of 
furcation of a primary branchlet/ray. P, primary branchlet/ray. (j) Fertilised oogonia at a point of furcation of a primary branchlet. C, 
coronula of 10 cells in two tiers, (k) Developing oospores at a point of furcation of a primary ray. P, primary ray; S, secondary ray; D, 
dactyl; E, end cell, (1) Mature oospores at points of furcation of primary rays, (m) Whorl of oogonia with outer covering mucilage. 
Mucilage was stained with toluidine blue. Scale bar, 450 pm. 
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Figure 3. Oospore of Nitella sp. (a) Apical view of oospore of Nitella sp.. (b) Lateral view of oospore showing ridges or flanges with 
fossa, (c) Basal view of oospore of Nitella sp. showing basal plug (arrowed), (d) Oospore wall showing imperfect reticulate 
ornamentation. 


height, mean number of nodes and mean number of 
branches of shoots in the field were also highest in the 
Plover South Lake (Table 2). In the laboratory, the highest 
growth rate was in the Plover North Tank in winter 
corresponding with the lowest temperature of 12°C 
(Table 3). The mean height, mean number of nodes and 
mean number of branches of the Nitella sp. in the 


laboratory was also highest in the Plover North Tank 
(Table 4). Overall, growth rates were higher in the field 
than in the laboratory. Nitella sp. showed tolerance for 
high pIT, conductivity and salinity in the field (Table 5) 
and laboratory (Table 6). However, when the lakes 
became acidic (pH 3.47^.28) in 2008, no charophytes 
were observed. 


Table 2 One-way ANOVA comparing mean height, mean number of nodes and mean number of branches per shoot of 
Nitella sp. in the field in 2004. a = 0.05, n = 25. 



Plover South Lake 
Mean±sd 

Plover North Lake 
Meanisd 

Nitella Lake 
Meanisd 

F 

P 

Mean height (mm) 

159.20±110.47 

124.38±77.18 

83.86±47.02 

1.69 

0.21 

Mean number of nodes 

10.59±4.80 

9.47±4.09 

4.61±2.14 

4.78 

0.02* 

Mean number of branches 

4.21±3.00 

1.53±1.39 

1.40±0.70 

4.60 

0.02* 


Table 3 Laboratory growth rate (mm/day) of Nitella sp. in aquaria with corresponding mean temperature (°C) in 2004. 
n = 20. 



Plover South 

Mean 

Plover North 

Mean 

Nitella 

Mean 


Lake 

Temperature 

Lake 

Temperature 

Lake 

Temperature 


(mm/day) 

<°C) 

(mm/day) 

<°C) 

(mm/day) 

(°C) 

Autumn 

0.47±0.30 

20.3 

0.50±0.37 

21.2 

0.26+0.16 

22.2 

Winter 

0.67±0.12 

14.1 

1 . 01 ± 0.11 

12.0 

0.59±0.26 

13.7 

Spring 

0.22±0.14 

23.2 

0.07±0.10 

27.7 

0.43±0.34 

25.8 
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Table 4 One-way ANOVA comparing mean height, mean number of nodes and mean number of branches per shoot of 
Nitella sp. in the laboratory in 2004. a = 0.05, n = 20 



Plover South Lake 
Mean±sd 

Plover North Lake 
Mean±sd 

Nitella Lake 
Mean+sd 

F 

P 

Mean height (mm) 

54.53±17.33 

98.56±40.85 

41.76±24.82 

1.82 

0.19 

Mean number of nodes 

8.57+2.09 

12.69±4.84 

7.84±2.50 

4.21 

0.03* 

Mean number of branches 

0.84±0.69 

1.37±1.12 

0.75±0.56 

1.16 

0.34 


Table 5 Water-quality parameters measured in the field during growth of Nitella sp. in 2004 and 2008. 


Parameter 

Plover South Lake 

Plover North Lake 

Nitella Lake 


2004 

2008 

2004 

2008 

2004 

2008 

pH 

7.94-9.15 

3.47 

7.88-8.25 

6.25 

8.04-8.94 

4.28 

Conductivity (pScm') 

1232-2290 

1542 

1174-1462 

1820 

268-782 

822 

Salinity (ppm) 

604-1069 

787 

408-699 

941 

125-378 

410 


Table 6 Water-quality parameters measured in the 
laboratory during growth of Nitella sp. in 2004. 


Parameter 

Plover South 
Lake 

Plover North 
Lake 

Nitella 

Lake 

pH 

9.05 

8.85 

9.13 

Conductivity (pS/cm) 

2640 

2460 

1440 

Salinity (ppm) 

1338 

980 

781 


Water depth vs height 

Regression analysis of water depth and mean height per 
shoot of Nitella sp. in Plover South Lake Site 1 was 
significant at the 5% level. F = 148.13, R Square = 97.4%, 
P = 0.00 (Figure 4). Regression analysis of water depth 
and mean height per shoot of Nitella sp. in Plover South 
Lake Site 2 was significant at the 5% level. F = 35.86, R 
Square = 90.0%, P = 0.00 (Figure 5). The high R-square 


values showed that the height of Nitella sp. was 
associated with water depth. The deeper the water, the 
higher the height of shoots observed. 

Life cycle studies of the Nitella sp. in the field and 
laboratory 

This species was found to be dioecious, producing 
separate male and female reproductive structures on 
separate individuals. The male individuals produced 
orange-coloured octoscutate antheridia (with eight shield 
cells) and were borne terminally. This occurred within a 
period of 2-4 weeks after which no more antheridia were 
seen. The oogonia which were initially somewhat gold 
coloured, were observed to have become dominant two 
weeks after the development of the antheridia. After 3-5 
weeks of production of the oogonia, oospores were 
observed. The oospores reached maturity with a colour 
change to dark-brown during summer. 



Month 

Mean Height -a- Water Depth 


100.00 


80.00 

E 


o 

60.00 

JZ 

o 


0) 

40.00 

Q 

i_ 


0) 

20.00 

ns 

3 

0.00 



Figure 4. Mean height of shoot of Nitella sp. in Plover South Lake Site 1 (deep). 
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Figure 5. Mean height of shoot of Nitella sp. in Plover South Lake Site 2 (shallow). 


Adult male and female 



(^^Autumn 


Mature oospore ^ 




oospore 


Figure 6. Schematic representation of the life cycle of Nitella sp. in relation to seasonal changes. 


In the field study, the charophyte again showed 
vegetative growth for approximately 25 weeks before 
undergoing reproduction. The production of 
reproductive bodies was observed from late October to 
early November (late spring). Ratio of male to female 
individuals in all three lakes was —1:1 with no statistical 
difference among lakes or between field-grown and 
cultured populations. A schematic presentation of the life 
cycle of the Nitella sp. summarising the observations is 
shown in Figure 6. 


DISCUSSION 

Morphological studies 

The charophyte resembles closely Nitella hyalina, Nitella 
Ihotzkyi and Nitella congest a (placed in the subgenus 
Decandollea by Casanova (2009) in vegetative 
morphological features and share characteristic mucilage 
ensheathment over the meristem and axis. This species in 
Capel Wetlands was initially identified as N. hyalina in 
previous studies before the lifecycle was investigated 
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(John & Gay ton 1994; Ward et al. 1997; John 2003). N. 
Ihotzkyi produces mucilage ensheathment over the apical 
meristem and most of the vegetative body. However, N. 
hyalina is monoecious, while N. congesta and N. Ihotzkyi 
(Wood & Imahori 1965) are dioecious. In comparison 
with N. Ihotzkyi, the branchlets with the mucilaginous 
ensheathment at nodes on the axis of N. congesta are 
spheroid and compact which has also been observed in 
the current species. However, in N. Ihlotzkyi, the 
branchlets are found to be of two kinds in each whorl 
(Wood & Imahori 1965) and consistently spread out: 
normal branchlets are 7-11 in a whorl with only 1 or 2 
furcation and the accessory branchlets are consistently 
present at each node on the entire thallus (Wood & 
Imahori 1965). The current Nitella sp. was found to have 
consistently 8 primary branchlets at each node and the 
branchlets are not spread out in two rows as in N. 
Ihotzkyi, although the accessory branchlets are irregular 
and shorter than the primary branchlets. 

In the population of Nitella studied, the accessory 
branchlets could not be observed as a consistent feature 
at all nodes. This made identification of species very 
difficult. However, careful observations showed that the 
accessory branchlets develop later at some nodes away 
from the tip (apical meristem) of the thallus. It was 
observed that many new branchlets were being produced 
in between the primary branchlets. From our 
observations, it is clear that as the growth proceeds, more 
accessory branchlets would be produced from the top 
downwards. However, there is no mention about the 
sequential development of accessory branchlets from the 
top downwards in the literature. Whether the variability 
in the accessory branchlets is a plastic character is 
unknown. Examination of specimens collected from an 
artificial eutrophic wetland from Maylands, in the Perth 
region, clearly show the accessory branchlets developing 
from the 3rd to 4th node from the apex up to a maximum 
number of 20 accessory branchlets. 

Another characteristic feature was the shape of the 
oogonium. The shape of the oogonium in the current 
species is similar to that of N. congesta as described by 
Wood & Imahori (1965). Wood & Imahori (1965) also 
described the oospore membrane ornamentation of N. 
Ihotzki/i as finely granulate and that of N. congesta as 
'slightly spongy'. The current species of Nitella has a 
reticulate oospore ornamentation. The oospore-based 
determination of some species of charophytes still 
remains very difficult (Boszkc et al. 2008). According to 
Casanova (1997), morphological variations of the 
charophyte oospores can be associated with the type of 
ecosystems. Plasticity in the development of charophyte 
morphology has been documented in several studies 
(Kiister et al. 2004; Schneider et al. 2006). Therefore based 
on observed morphological features compared with those 
in the literature, the species in this paper appears to be 
close to Nitella congesta (R Brown) A Braun. The low 
number (20) of accessory branchlets appears to separate 
the Capel populations from those described by Wood & 
Imahori (1965), van Raam (1995), Garcia (1999) and 
Casanova (2009). 

Growth of Nitella sp. 

Charophytes have a range of growth strategies (Blindow 
1992b; Titus et al. 2004). Perennial growths have been 


reported in deep lakes, while in temporary water bodies, 
growth may be seasonal (Pentecost et al. 2006). New 
individuals do develop from the internodes of decaying 
individuals beneath the sediment surface or from 
germinating oospores. The vegetative growth rate of the 
Nitella sp. appeared to be seasonal, highest in winter. 
There was average rapid increase in height of shoots as 
well as number of nodes and increase in internode 
distance in winter. During spring, the charophyte 
undergoes sexual reproduction beginning with the 
production of antheridia and oogonia on different 
individuals, water level playing a significant role in the 
survival and reproduction. In the laboratory, Nitella sp. 
showed initiation of reproductive bodies when the water 
levels in the aquaria were left to decrease considerably. 
The initiation of reproductive bodies started between late 
August (26 August 2004) and the end of September (30 
September 2004) (late winter to early spring) with the 
increase in temperature, eventually resulting in the 
drying out of the temporary lakes. Therefore resources 
might have been channelled to the production of fruiting 
bodies in sexual reproduction on the onset of increasing 
temperature. The highest growth in terms of height, 
number of nodes and number of branches in Plover 
South Lake could be the result of the depth of the lake; it 
was the deepest among the three lakes. Thus vegetative 
growth was very pronounced in that lake. 

Ecology and life cycle of the Nitella sp. 

Charophytes are sensitive to water-quality parameters, 
especially pH (Garcia 2002). From this study the lower 
limit of pH of this species was found to be between 3.5 
and 5. This species of Nitella showed tolerance to high 
conductivity. 

After fertilization, the zygotes underwent maturity as 
temperature rose during late spring and early summer. 
At that stage, the oospores became darker and shrank in 
size (mature oospore). Oospores were then released into 
the sediment as the standing water dried out. Thus, the 
life cycle of the Nitella sp. was well adapted to the 
hydrological regime of the lakes. The production and 
release of oospores was triggered to coincide with the 
summer drawdown, depositing the oospores in the 
sediment to ensure species success. On the onset of rains 
during late autumn/early winter, mass germination of 
oospores was observed. That was followed by a slow 
period of growth and then accelerated vegetative growth 
and finally reproductive phase. 

Charophyte life history is characterised by monocarpy 
or polycarpy based on the reproductive patterns of the 
alga. Polycarpic charophytes reproduce several times in 
a lifetime whereas monocarpic ones reproduce once and 
die. Monocarpics are divided into those that reproduce at 
an early stage and grow for a long time and those that 
grow vegetatively for some time before undergoing 
reproduction and then death (Harper 1977; Casanova 
1993). In this study, the Nitella sp. exhibited the latter 
type of monocarpy in the laboratory cultures and in two 
of the Capel lakes which are typically temporary. Thus 
the Nitella sp. acted as an annual in the temporary 
wetlands. However, in the deepest lake. Plover South 
Lake (with a depth of about 2.5 m) had sparse 
reproductive bodies and continued to grow vegetatively. 
This can be interpreted as an indication of the 
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adaptability of the Nitella sp. in deep waters to survive as 
a facultative monocarpic species. 

Sex allocation in charophytes is complicated and is 
influenced by geographical and environmental factors 
(Cox 1981; Lloyd 1982). The male shoots became the most 
abundant followed by the female shoots becoming the 
most abundant later. This protandrous phenomenon has 
been explained as a temporal niche separating sexes (Cox 
1981). The production of antheridia before that of 
oogonia presupposes that it may be less expensive to 
produce antheridia than oogonia (Casanova 1994). 
Therefore assuming that the production of antheridia 
required fewer resources than that for oogonia, 
antheridia were produced earlier than oogonia. 
Charophytes can reproduce by asexual means, for 
example, by the generation of secondary protonema from 
the bulbils in permanent water bodies. In this case, the 
plant energy is allocated toward vegetative growth 
instead of sexual reproduction. In ephemeral water 
bodies on the other hand, charophytes reproduce by 
sexual means whereby drought resistant oospores are 
produced. Thus more resources are allocated towards 
oospore production rather than vegetative growth 
(Casanova 1994). 

Description of Nitella sp. from Capel Wetlands Centre, 
Western Australia 

Wood (1972) mentioned the occurrence of the species in 
Victoria and Western Australia. An illustration of the 
vegetative and reproductive structures of the species is 
given in Wood & Imahori (1965). A description of the 
Nitella sp. from Western Australia based upon 
populations at Capel is presented below. 

The alga is dioecious, mostly up to 33 cm high but 
more than 1 m in deeper lakes and dark green in colour 
with slender axes, 0.7-1.0 mm in diameter. There were 8 
primary branchlets (3.0-7.0 mm long) at each node but 
up to 20 branchlets where accessory branchlets were 
present. The accessory branchlets are irregularly 
arranged. Apical part of shoot was covered with 
mucilage making it compact (Figure 2a). The internode 
lengths varied according to water depth; shorter towards 
the apical meristems and longer downwards along the 
axis. The primary rays furcate into secondary rays 
(length 1.0-2.3 mm which are 5-6 in a whorl (reduced 
when replaced by an oogonium), one being percurrent. 
The secondary rays furcate into 5-6 dactyls which are 2- 
celled; end cell transparent in the population studied. 
They were elongated, 100-200 pm long (including 
acuminate end cell). Both the internode and whorls of 
branchlets are ensheathed by mucilage. As mucilage is 
shed off in the lower portion of shoot, branchlets appear 
to spread out (Figure 2c). Accessory branchlets were 
found at some 3 nodes below the terminal meristem in 
between normal branchlets. Oogonia are 1-3 aggregated 
at nodes, 650-750 pm long, 400-500 pm wide and with 
7-9 convolutions. Coronula are 30-45p high and 50-60p 
wide at the base. Antheridia are solitary, terminal on 
males (Figure 2f), 375—450 pm in diameter. Oospores are 
light-brown or dark-brown (when fully mature), 415-500 
pm long, 300-400 pm wide; striae of 7-9 broad, 
prominent ridges with an imperfect reticulate 
ornamentation. 


In conclusion, based upon mucilaginous 
ensheathment, vegetative morphology, structure of 
gametangia, oospore structure and sexual state, the 
population of Nitella sp. in Capel Wetlands and some 
Perth wetlands treated in this paper could not be placed 
either in N. congesta or N. Ihotzkyi. Casanova (2009) 
provided the most up-to-date overview of Nitella in 
Australia and summarised the characters of the 
subgenera of Nitella. Accordingly, this species can be 
placed in the subgenus Decandollea and section 
Decandollea to which the above two species of Nitella have 
been allotted. However, of all the subgenera of Nitella, 
Decandollea remains problematic (Casanova 2009). 
Further work is required to delineate species boundaries 
within the section. 
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Seasonal study of aquatic invertebrates in five sets of latitudinally 
separated gnammas in southern Western Australia 

B V TIMMS 

Australian Wetland and Rivers Centre, School of Biological, Earth & Environmental Sciences, 
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Gnammas (i.e. rock pools) are characteristic habitats on granitic inselbergs in southern Western 
Australia and, though their basic limnology is known, much remains to be learnt on the 
distribution patterns and seasonality of their fauna. In this study 10 pools on five inselbergs (Mt 
Madden, Hyden Rock, Yanneymooning Rock, Bullamanya Rock and Walga Rock) across a 700 km 
latitudinal climatic gradient were studied during the flooded period from May to October 2010. 
Seventy-three taxa inhabited the five rocks and showed declining species richness from south to 
north promoted by decreasing hydroperiod and reliability to the north. Passively dispersing 
crustaceans dominated with 47% of taxa, and almost all of the most abundant species, while 41% of 
taxa were seasonal colonising insects. Many pools had 25-30 invertebrate species each, far more 
than rock pools elsewhere in Australia and overseas. Most of the dominant species were 
widespread, more localised taxa included cyclopoids and the snail Glyptophysa sp. in the south and 
the notostracan Triops n. sp. in the north. Regional endemism and specialisation to live in gnammas 
was high as a consequence of past climatic changes linked with the role of these pools as refuges. 
Most of the dominant species were filter feeders on algae and allochthonous and autochthonous 
organic matter and the dominant predators were planarians and beetle larvae. Most species peaked 
in abundance in August and September, with large branchiopods (mainly the anostracan 
Branchinella longirostris) peaking before cladocerans and with ostracods last. Active dispersers 
included hemipterans, coleopterans and dipterans; almost all were widespread opportunists, but at 
least one Paroster beetle species was a gnamma specialist. Chironomids were dominated by 
gnamma specialists Paraborniella tonneri and Allotrissoclndius sp 1 which survive the dry summer in 
situ as cryptobiotic 4th instars and emerge soon after the ponds first fill, and by the temporary 
pond specialist Chironomus tepperi which invaded from elsewhere when the ponds fill. Stones in 
the gnammas were important for at least two species: Triops n.sp uses them to hide from predators 
and the snail Glyptophysa aestivates underneath them. Succession in these pools was best explained 
by the tolerance' model in which each taxon developed at its own pace, largely unaffected by other 
taxa. 

KEYWORDS: beetles, Boeckella opaijua, branchiopods, chironomids, cladocerans, latitudinal 
gradient, nematodes, ostracods, Paroster, planarians, rock pools, seasonal succession 


INTRODUCTION 

A number of surveys of pools on granite outcrops in 
southwestern Western Australia have revealed a diverse 
aquatic fauna with many endemic species and rock pool 
specialists (Jones 1971; Bayly 1982 1997; Finder et al. 
2000, Timms 2006; Jocque et al. 2007a). Prominent 
amongst the crustaceans arc branchiopods Branchinella 
longirostris and Limnadia badia, the copepod Boeckella 
opaqua, cladocerans Daphnia jollyi, Macrothrix hardingi, 
Plurispina spp., Celsinotum spp., and ostracods 
Bennelongia sp563, Cypretta spp, llyodromus spp., 
Cypericercus spp (all sensu Pinder et al. 2000). The most 
common insects are chironomids like Allotrissocladius spp 
and Paraborniella tonnoiri (Edward 1968) and some new 
species of Paroster beetles (Hendrich & Frey 2008). 
Distribution of taxa across the Wheatbelt and Goldfields 
is heterogeneous, especially for large branchiopods 
(Timms 2006) and unpublished studies (Jocque 2007; B. 
Vanschoenwinkel et al. pers.comm. 2011) suggest a 
decline in overall species richness and change in 
community structure from south to north. 
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The Western Australian gnammas have been poorly 
characterised in terms of geomorphology, hydrology and 
successional patterns, but are broadly categorised into 
pan gnammas, pit gnammas and pipe (or cylindrical) 
gnammas (Twidale & Corbin 1963; Bayly et al. 2011; B V 
Timms unpubl. data). Most studies dealt almost 
exclusively with pan gnammas avoiding variation 
associated with distinctive but less speciose and different 
communities of pit and pipe gnammas (Bayly et al. 2011; 
B V Timms unpubl. data). Little is known about 
successional changes and regional variation in southwest 
Western Australia. Temporally constrained studies 
performed in early, mid or late successional stages or in 
localised areas could give unrepresentative results. 
Concerning the latter, Bayly's (1982) study of pools at 
Northcliffe, far to the south of the main Wheatbelt 
presented a reduced fauna than typical for Wheatbelt 
pools and the lack of some common dominants such as 
Limnadia badia, Daphnia jollyi and Macrothrix hardingi, 
while the large branchiopod Caenesthericlla marine seems 
to be mainly in gnammas fringing the northern and 
eastern wheatbelt (Timms 2006). 

This study examines the association of successional 
stage on species richness and community composition of 
invertebrates in pan gnammas. Particular attention will 
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be paid to when pool communities are the most speciose 
and whether or not there are major changes in 
community structure between early, mid and late stages 
of the pools' hydroperiod. In addition, pools were chosen 
on a long north-south gradient, in order to investigate 
the effect of climate on invertebrate distribution and 
population size in the pools. 


METHODS 

Five granite outcrops, Mt Madden (33°14’22.6"S, 
119°50'33.6"E), Hyden (=Wave) Rock (32°26'43.6"S, 
118°54'14.4"E), Yanneymooning Rock (30°42'50.5"S, 
118°33'19.2"E), Bullamanya Rock (29°09’50.9"S, 
117°39'40.4"E) and Walga Rock (27°24'14.2"S, 


117°27'48.8"E), were chosen roughly equidistantly along 
a north-northwest-south-southeast line -700 km long 
(Figure 1). Ten pan gnammas on each rock ranging over 
various sizes from -1 m diameter and -8-12 cm deep to 
the largest available (often -5 m diameter and 20-^0 cm 
deep) were studied. A range of pool sizes was chosen to: 
(i) represent the variety found in nature; and (ii) cover 
the possibility of species richness being influenced by 
pool size (Bayly 1997). Most of the pools selected were 
within 100 m of each other near the summit of each rock, 
but some outliers were located downslope, thus 
extending the maximum distance between pools to -250 
m on Mt Madden, Yanneymooning and Bullamanya 
Rocks, and to -150 m on Hyden Rock and Walga Rock. 
Sampling commenced on 24 May 2010, then at three¬ 
weekly intervals until early October and took 3—1 days 



Figure 1. Map of southwestern Western Australia showing the location of the five rocks with reference to nearby locations. 
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each trip and was always conducted south to north. 
Overall the field work took 19 weeks and each rock was 
visited seven times almost synchronously (maximum 3-4 
days apart). More frequent sampling would have been 
desirable, but sampling damages the pools physically 
and also conceptually could result in overharvesting (see 
below) from limited populations, but if this happened it 
was not noticed. 

At each pool, water depth was determined with a stiff 
tape measure at the deepest point to the nearest 0.5 cm. 
Conductivity was measured with a Hanna HI8733 meter. 
There was no point is measuring water clarity as the 
pools were almost always crystal clear, nor water 
temperature as it varied widely diurnally. However, 
some seasonal highs and lows were noted, using an 
alcohol-in-glass thermometer accurate to ± 0.5 °C. 

Two different nets were used to sample the fauna. A 
small plankton net, aperture 15 x 10 cm, 30 cm long and 
of mesh 159 pm, was used to sample microfauna in the 
water column and on the bottom surface (the latter by 
disturbing the sediment and then passing the net 
through the slurry). A household sieve, 20 cm in 
diameter and of mesh size -2 mm was used for larger 
invertebrates. The number (5-20) of sweeps of each 
device was adjusted to pool size so that about 50% of the 
water volume in small pools was sampled down to 5% in 
the very large pools. This introduced an error between 
pools in estimating abundance and species richness, but 
the bias was constant between rocks and sampling dates. 
To have studied one pool size, if 10 pools per rock and 50 
pools overall were exactly possible, would have 
introduced a greater misrepresentation in overall species 
richness per rock, given the variability between pools of 
different size (Vanschoenwinkel et al. 2009). 

Plankton were concentrated by settling first in dilute 
ethanol, then pouring off supernatant and preserving in 
>70% ethanol. Sieve collections were handpicked in the 
field from a sorting tray; one individual (a few of more 
abundant chironomids) of each species was kept and 
preserved in 70% ethanol and the remainder returned 
alive to the pond. This protocol was adopted as there are 
many microinvertebrates with short life cycles in the 
pools so the loss of a few hundred every three weeks was 
thought to be insignificant, but to remove most of the few 
macroinvertebrates individuals on each sampling 
occasion would have considerably depleted populations. 
The numbers of sweeps to get representative samples 
were chosen based on a preliminary study the previous 
year. Even so, no matter how intense the sampling, and 
indeed the sampling of just 10 pools per rock, not all 
species present per pool/rock were necessarily caught 
(Jocque et al. 2007a). Furthermore, though replicate 
sampling is desirable, it was not possible in smaller pools 
(due to unacceptable environmental damage and the 
sampling of a decreasing population) and was not 
employed in order to maintain a reasonably similar 
sampling regime across the pool spectrum. Sampling 
protocol was a compromise between damage to the pool, 
idealistic catching of all the fauna, and practical 
considerations of efficient time per unit effort. 

In the laboratory each plankton collection for each 
pool was examined completely under an Olympus SZ61 
stereomicroscope, species identified and the number of 
each species estimated on a log scale. Tire number of 


macroinvertebrates caught in the sieve was also 
estimated on a log scale. In a detailed study (B V Timms 
unpubl. data) of 96 pools on Anderson Rock (40 km north 
of Hyden Rock) distribution of invertebrates over the 
whole rock was heterogeneous and it depended on which 
10 pools were sampled as to the perception of species 
richness and abundance for that rock outcrop. This 
problem is unsolvable unless all pools are sampled - 
species accumulation curves at Wave Rock continued 
rising even after 50 pools were sampled, albeit slowly 
after 10 pools (Jocque et al. 2007a) but by sampling the 
same 10 pools each time on each rock, any bias was 
constant over the season. 

Daily rainfall during 2010 was obtained from the 
Bureau of Meteorology website for weather stations as 
close as possible for each rock: for Mt Madden from Mt 
Madden 1.4 km southeast, for Hyden Rock from Hyden 3 
km east, for Yanneymooning from Wattoning 34 km 
west, for Bullamanya Rock from Paynes Find 11 km 
south, and for Walga Rock from Cue 43 km east. Data are 
presented as monthly totals in Figure 2. 

Relationships between assemblages on the five rocks 
were investigated using PRIMER (v5) (Clarke & Gorley 
2001). Average seasonal abundance data of invertebrates 
from the mid-July, early and late August and mid- 
September trips (Table 1) was log (N+l) transformed 
prior to multivariate analysis. Non-metric 
multidimensional scaling, based on Bray-Curtis 
similarity index was used to represent assemblage 
composition in two-dimensional space. Relative distance 
apart in the ordination represents relative dissimilarity. 

RESULTS 

Pools 

Unfortunately, 2010 was a drought year, so pools did not 
fill to their full capacity, nor for as long a period as usual. 
For the period April to October, Mt Madden rainfall was 
56% of average, Hyden Rock 43%, Yanneymooning 25%, 
Bullamanya Rock 69% and Walga Rock 57% (Figure 2). 
Pools on Mt Madden (the southernmost rock) held water 
continuously from May to September but by early 
October most were dry (Figure 3). On Hyden Rock, pools 
were never as full and they started drying earlier, so that 
almost all were dry by early October. On 
Yanneymooning a few pools dried in August, but filled 
again in September, only for all to dry by early October. 
By contrast at Bullamanya Rock only one pool dried in 
August and half still had water in early October. Walga 
Rock's pools initially had some water, but dried 
completely in August and partially filled again in 
September to dry again by early October (Figure 3). Pools 
with water on the three southern rocks were of maximum 
number and cumulative depth in mid July, while Walga 
Rock's pools were maximal in mid-September. 
Bullamanya's pools were intermediate between these two 
extremes (Figure 3). 

During winter, the minimum water temperature 
measured during daylight was 3.CPC (on 22 July at 
Hyden Rock). The maximum water temperature 
observed was 26.4°C at Bullamanya Rock on 6 October. 
While almost all pools contained crystal-clear water and 
hence their floors were clearly visible, occasionally a few 
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Table 1 Species occurrences on the five rocks 


Major group Species Madden Hyden Yanney Bullam Walga 

2009 2010 2009 2010 2009 2010 2009 2010 2009 2010 


Turbellaria 

unidentified black planarian 

o 

X 

o 

X 

o 

X 

o 

X 

_ 

_ 


unidentified green planarian 

o 

xxxx 

o 

XX 

0 

r 

_ 

X 

_ 

_ 


unidentified rhabdocoel 

- 

r 

- 

r 

- 

- 

- 

- 

- 

- 

Nematoda 

unidentified nematodes 

o 

X 

o 

XX 

o 

r 

o 

- 

o 

X 

Branchiopoda 

Branchinella longirostris 

- 

X 

- 

r 

o 

XX 

o 

XXX 

o 

X 


Limnadia badia 

o 

XXX 

o 

X 

o 

XX 

o 

XXX 

_ 

_ 


Caenestheriella mariae 

- 

- 

- 

- 

- 

r 

o 

XX 

o 

X 


Triops n. sp. 

- 

- 

- 

- 

- 

- 

- 

r 

o 

X 


Daphnia jollyi 

- 

- 

o 

- 

o 

r 

o 

r 

- 

- 


Ceriodaphnia sp. 

o 

xxxx 

o 

XXX 

- 

- 

- 

- 

_ 

_ 


Moina australiensis 

- 

X 

- 

r 

o 

_ 

_ 

_ 

_ 

_ 


llyocryptus sp. 

o 

r 

- 

- 

- 

- 

- 

- 

_ 

_ 


Macrothrix hardingi 

- 

r 

o 

- 

- 

XX 

- 

XXX 

- 

_ 


Macrothrix spp. 

o 

XXX 

o 

X 

- 

r 

_ 

X 

_ 

_ 


Neothrix spp. 

o 

r 

o 

X 

o 

X 

- 

XX 

- 

_ 


Alona macrocopa 

o 

r 

- 

r 

- 

r 

- 

- 

- 

_ 


Alona rigidicaudis 

o 

r 

o 

- 

- 

- 

- 

- 

o 

_ 


Alona spp. 

- 

r 

- 

r 

- 

- 

- 

- 

- 

- 


Chydorus hybridus 

o 

r 

- 

r 

- 

- 

o 

- 

- 

- 


Ephemeroporus tridenlata 

o 

XXX 

- 

X 

- 

r 

- 

X 

- 

- 


Leberis aenigmatosa 

- 

r 

o 

XX 

o 

XX 

- 

r 

- 

- 


Mmiospilus diporus 

- 

- 

o 

r 

- 

- 

- 

. 

- 

. 


Planicirculus alticarinatus 

o 

XXX 

o 

r 

o 

r 

o 

_ 

_ 

_ 


Plurispina multituberculata 

o 

XXX 

o 

XX 

0 

r 

- 

r 

_ 

_ 


Rak sp 

o 

X 

o 

r 

- 

- 

- 

- 

- 

- 

Copepoda 

Boeckella opaqua 

o 

xxxx 

o 

XXX 

o 

XXX 

o 

xxxx 

_ 

X 


Metacyclcrps laurentiisae 

o 

X 

- 

- 

- 

- 

- 

- 

- 

_ 


harpacticoid Sp 674 (SAP) 

- 

r 

- 

- 

- 

- 

- 

- 

- 

- 

Ostracoda 

Bennelongia sp 563. 

o 

XXX 

o 

X 

- 

r 

o 

X 

o 

r 


Candonocypris spp. 

- 

X 

- 

X 

- 

r 

- 

r 

- 

- 


Cypretla baylyi 

- 

X 

o 

X 

o 

r 

o 

X 

- 

_ 


Cypricercus sp 637 

o 

xxxx 

o 

XXX 

- 

XXX 

o 

XXX 

o 

. 


Cypricercus spp. 

- 

r 

- 

- 

- 

- 

- 

- 

- 



llyodromus amplicolis 

o 

XXX 

o 

XXX 

o 

X 

o 

XX 

o 

R 


llyodromus sp. 630 

- 

r 

- 

r 

- 

r 

- 

_ 

- 

_ 


llyodromus spp.. 

- 

r 

- 

- 

- 

- 

- 

- 

- 

- 


Limnocytheria porphyetica 

o 

r 

o 

r 

o 

- 

o 

r 

_ 

_ 


Sarscypriodopsis spp.. 

o 

XXX 

o 

XXX 

o 

- 

o 

- 

- 

- 

Odonata 

Hemicordulia tau 

- 

r 

- 

- 

o 

r 

- 

X 

- 

_ 

Hemiptera 

Micronecta sp. 

o 

r 

o 

r 

o 

X 

_ 

_ 

_ 

r 


Agraptocorixa spp. 

o 

r 

o 

r 

- 

r 

- 

- 

o 

r 


Anisops gratus 

- 

- 

o 

r 

- 

r 

o 

r 

- 

_ 


Anisops hyperkm 

o 

r 

- 

- 

- 

_ 

_ 

_ 

_ 

_ 


Aniops Ihienemanni 

o 

r 

o 

r 

- 

r 

- 

- 

- 

- 

Coleoptera 

Allodessus bistrigatus 

o 

r 

o 

r 

- 

r 

o 

_ 

o 

_ 


Antiporus gilberti 

o 

r 

o 

r 

- 

- 

_ 

r 

_ 

_ 


Berosus sp 

- 

- 

o 

r 

_ 

_ 

_ 

r 

_ 

r 


Eretes australis 

- 

_ 

_ 

r 

_ 

r 

_ 

r 

_ 

r 


Halochares sp. 

- 

- 

- 

r 

_ 

_ 

_ 


_ 



Hyphydrus elegans 

o 

- 

- 

- 

- 

- 

_ 

_ 

_ 

_ 


Hydroz’atus sp. 

- 

- 

- 

- 

- 

- 

- 

r 

- 

_ 


Limnoxenus novaezealandiae 

- 

r 

- 

- 

- 

_ 

_ 

_ 

_ 

_ 


Lancetes lanceolatus 

- 

r 

_ 

r 

_ 

_ 

_ 

_ 

_ 

_ 


Megaporus howetti 

- 

r 

- 

_ 

_ 

_ 

_ 

_ 

_ 

_ 


Necterosoma sp. 

- 

- 

- 

_ 

_ 

_ 

_ 

_ 

_ 

r 


Paroster nr michaelseni 

- 

r 

- 

r 

_ 

X 

_ 

r 

_ 

r 


Rhantus suturalis 

- 

- 

- 

r 

_ 

_ 

o 

r 

_ 



Sternopriscus multimaculatus 

o 

r 

o 

r 

o 

r 

o 

_ 

o 

r 


unidentified curculionid 

- 

- 

- 

_ 

_ 

r 

o 

_ 

_ 

_ 


Allodessus larvae 

o 

_ 

o 

_ 

o 

_ 

o 

_ 

0 

_ 


Antiporus larvae 

o 

r 

o 

r 

- 

_ 


r 

o 

_ 


Berosus larvae 

- 

_ 

- 

_ 

_ 

_ 

_ 

_ 

o 

_ 


Enochrus larvae 

o 

_ 

_ 

_ 

_ 


_ 

_ 


. 


Lancetes larvae 

- 

r 

_ 

r 

_ 

r 

_ 

_ 

_ 

_ 


Limnoxetms larvae 

- 

- 

o 

_ 

_ 

_ 

_ 

_ 

_ 

_ 


Paroster larvae 

- 

r 

- 

r 

o 

X 

o 

X 

_ 

r 


Sternopriscus larvae 

o 

- 

o 

- 

o 

- 

o 

- 

o 
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Table 1 (cont.) 

Major group 

Species 

Madden 

2009 2010 

Hyden 

2009 2010 

Yanney 

2009 2010 

Bullam 

2009 2010 

Walga 
2009 2010 

Diptera 

juvenile chironomids 

o 

X 

o 

r 

o 

X 

o 

X 

- 

- 


Allotrissocladius sp. L 

o 

r 

o 

r 

o 

X 

o 

X 

o 

- 


Chironomus lepperi 

- 

- 

o 

- 

- 

X 

- 

XX 

- 

- 


Parabomiella lonnoiri 

o 

r 

o 

X 

o 

X 

o 

X 

o 

XXX 


Parakeifferiella variagatus 

- 

- 

- 

r 

- 

r 

- 

r 

- 

- 


Proclaims sp. 

o 

r 

- 

X 

- 

X 

o 

X 

- 

“ 


Tanytarsus sp. 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 


Dasyhelia sp. 

o 

r 

o 

X 

o 

r 

o 

X 

- 

X 


Aedes alboannulatus 

- 

r 

- 

r 

- 

r 

- 

- 

- 

- 


Culex starkeae 

- 

- 

- 

- 

- 

- 

- 

r 

- 

- 


stratiomyid larvae 

- 

- 

- 

r 

- 

- 

- 

- 

- 

- 


tabanid larvae 

- 

- 

- 

- 

- 

r 

- 

- 

- 

- 

Arachnida 

hydrocarinid mites 

- 

- 

- 

- 

o 

- 

o 

- 

- 

- 


trombidioid mites 

- 

- 

- 

- 

- 

r 

- 

r 

- 

- 


orbatid mites 

o 

- 

o 

- 

- 

- 

- 

- 

- 

- 

Mollusca 

Glyptophysa sp. 

o 

XXX 

- 

- 

- 

- 

- 

- 

- 

- 


Total 

37 

51 

36 

41 

25 

41 

26 

37 

16 

17 


Grand total (2009 + 2010) 

54 

47 


45 


45 


23 


Mean MSR peak period 

30.75 

26.5 


29.5 


26.5 


10.6 


Presence in 2009 noted by an 'o' and abundances in 2010 given variously by V for rare up to 'xxxx' for various degrees of abundance. 
Abundances are averages over the four plateau samples (July to Sept). For totals of species, juveniles are only counted if no adults in 
that genus have been recorded. 


50 


45 

40 



Madden Hyden Yanneymooning Bullamanya Walga 


■ April 

■ May 

■ June 

■ July 

■ August 

■ Sept 

■ Oct 


Figure 2. Monthly rainfall in millimetres at each of the five sites during 2010 


pools had cloudy water with Secchi disc values less than 
their depths (i.e. at 10-20 cm, but still not particularly 
turbid) Conductivities varied between 45 and 1300 pS/ 
cm, with values typically increasing as pools dried. Some 
pools contained abundant filamentous algae and most 
southern pools (particularly on Mt Madden and Hyden 
and to some degree on Yanneymooning) had a floor of 
aquatic plants, mainly of Isoetes sp. and Glossostigma sp. 


Species richness 

Seventy-two invertebrate taxa were identified in this 
group of gnammas (Tables 1, 2). In that some taxa 
represented more than one species [as indicated in the 
species lists (Table 1)], the total number of species present 
was probably about 5-10% more than this. Cumulative 
species richness per rock (over the entire study) 
decreased from south to north, with the decline steeper 
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Table 2 Number of pools of the 10 studied on each rock with each species 


Major group 

Species 

Madden 

Hyden 

Yanney 

Bullen 

Walga 

Turbellaria 

unidentified black planarian 

7 

9 

8 

9 

. 


unidentified green planarian 

10 

4 

1 

2 

- 


unidentified rhabdocoel 

1 

1 

- 

- 

- 

Nematoda 

unidentified nematodes 

5 

8 

7 

- 

4 

Branchiopoda 

Branchinella longirostris 

4 

2 

8 

9 

6 


Limnadia badia 

6 

8 

6 

10 

_ 


Caenestheriella tnariae 

- 

- 

2 

5 

8 


Triops n. sp 

- 

- 

- 

2 

4 


Daphnia jollyi 

- 

- 

1 

1 

- 


Ceriodaphnia sp. 

10 

10 

- 

- 

- 


Moina australiensis 

2 

2 

- 

- 

_ 


llyocryptus sp. 

1 

- 

- 

- 

- 


Macrothrix hardingi 

1 

- 

4 

6 

- 


Macrolhrix spp. 

7 

3 

1 

2 

- 


Neothrix spp. 

1 

4 

3 

7 

- 


Alona macrocopa 

1 

2 

1 

- 

- 


Alona rigidicaudis 

1 

- 

- 

- 

- 


Alona spp. 

2 

1 

- 

- 

- 


Chydorus bybridus 

1 

1 

- 

- 

- 


Ephemeroporus tridenlata 

5 

2 

1 

4 

- 


Leberis aenigmatosa 

3 

6 

4 

2 

- 


Monospilus diporus 

- 

1 

- 

- 

- 


Planicirculus alticarinatus 

8 

3 

2 

- 

_ 


Plurispina multituberculata 

7 

7 

2 

2 

. 


Rak sp 

3 

1 

- 

- 

- 

Copepoda 

Boeckella opaqua 

10 

10 

10 

10 

8 


Metacyclops laurentiisae 

4 

- 

- 

- 

- 


harpacticoid Sp 674 (SAP) 

1 

- 

- 

- 

- 

Ostracoda 

Bennelongia sp 563. 

9 

5 

2 

5 

4 


Candonocypris spp. 

4 

5 

3 

5 

- 


Cypretta baylyi 

3 

4 

1 

4 

- 


Cypricercus sp 637 

9 

10 

9 

10 

- 


Cypricercus spp. 

1 

- 

- 

- 



llyodromus amplicolis 

8 

9 

5 

9 

3 


Ilyodromus sp. 630 

1 

1 

1 

- 

- 


llyodromus spp. 

1 

- 

- 

- 

- 


Limnocylheria porphyetica 

2 

2 

- 

1 

- 


Sarscypriodopsis spp.. 

7 

8 

- 

- 

- 

Odonata 

Hemicordulia tau 

2 

- 

2 

3 


Hemiptera 

Micronecta sp. 

4 

5 

5 

- 

2 


Agraptocorixa spp. 

3 

3 

2 

- 

1 


Anisops gratus 

- 

2 

3 

3 

- 


Anisops hyperion 

2 

- 

- 

- 

- 


Aniops Ihienemanni 

5 

5 

4 

- 

- 

Coleoptera 

Allodessus bistrigatus 

7 

3 

3 

- 

- 


Antiporus gilberti 

2 

3 

- 

2 

- 


Berosus sp 

- 

2 

- 

2 

3 


Eretes australis 

- 

2 

3 

3 

2 


Halochares sp. 

- 

2 

. 

_ 

_ 


Hydrovatus sp. 

- 

- 

- 

2 

- 


Limnoxenus noimezealandiae 

2 

- 

_ 

_ 

_ 


Lancetes lanceolatus 

1 

1 

_ 

_ 

_ 


Megaporus howetti 

2 

- 

- 

_ 

- 


Necterosoma sp. 

- 

- 

- 

. 

1 


Paroster nr michaelseni 

4 

5 

7 

5 

2 


Rhantus suturalis 

- 

2 

_ 

1 

_ 


Sternopriscus multimaculatus 

5 

4 

3 

- 

2 


unidentified curculionid 

- 

- 

1 

_ 

_ 


Antiporus larvae 

3 

2 

- 

1 

- 


Lancetes larvae 

1 

1 

1 

_ 

_ 


Paroster larvae 

4 

4 

7 

5 

2 


Sternopriscus larvae 

- 

- 

- 

- 

_ 

Diptera 

juvenile chironomids 

7 

6 

8 

5 

- 


Allotrissocladius sp. L 

4 

2 

6 

5 

_ 


Chironomus tepperi 

- 

- 

5 

5 

- 


Paraborniella tonnoiri 

2 

6 

6 

7 

9 


Procladius sp. 

2 

3 

4 

3 

- 


Dasyhelia sp. 

4 

6 

3 

5 

5 


Aedes alboannulatus 

1 

3 

1 

_ 

_ 


Culex starkeae 

- 

_ 

_ 

1 

_ 

Arachnida 

trombidioid mites 


- 

3 

2 

- 
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Mt Madden Hyden Yanneymooning Bullamanya Walga 


Figure 3. Total depth of all 10 pools on the five rocks over the seven samplings (May to October). Number of pools holding water was 
usually 10 per rock, except where indicated. 


towards the north: Mt Madden had 51 taxa, Hyden 41, 
Yanneymooning 41, Bullamanya 37 and Walga 17. 
Species richness was greater in 2010 than in the 
preliminary 2009 survey because the more thorough 
sampling in 2010 netted many uncommon species (Tables 
1, 2). Species richness for each set of 10 pools varied 
between trips and was usually minimal in early and late 
trips, peaking for the middle trips. Early visits missed 
late hatching and late colonising species whereas late 
visits lost quicker drying pools and their fauna. Mean 
momentary species richness per rock hardly decreased 
south to north except for Walga Rock, and plateaued in 
July to September (from 9-18 weeks after filling): Mt 
Madden 30.75 ± 0.96 species, Walga 26.5 ± 4.1, 
Yanneymooning 29.5 + 3.0, Bullamanya 26.5 ± 4.4, Walga 
10.6 ± 2.1. Mt Madden's plateau continued longer and 
species richness hardly varied in keeping with its pools 
being more stable hydrologically (Appendix 1). 

Differences between southern and northern sites were 
characterised by a decrease in certain taxa in the two 
northern sites, notably the absence and reduced presence 
of cladocerans at Walga and Bullamanya, respectively, 
compared to up to 15 species at southern sites. Walga 
was also characterised by the absence of planarians and 
fewer ostracods, hemipterans and beetles.. On the other 
hand, Mt Madden had some taxa not seen on other rocks, 
notably a cyclopoid and harpacticoid copepod, a snail 
and extra insects. Counter to this pattern was the 
presence of two large branchiopods ( Caenestheriella marine 
and Triops n. sp.) only at the northern rocks and of 
Daphtiia jollyi and hydrocarinid and trombidioid mites at 
Yanneymooning and Bullamanya. In the latter two rocks 
Macrothrix hardingi replaced Ceriodaphnia n. sp. as the 
most common cladoceran. However all sites, except 
Walga, shared most of the species encountered. 

Relative dominance of the most abundant species 
(Figures 4-9) showed Boeckella opaqua to be the most 
abundant species on average at four of the five sites and 
present at the fifth. The next most widespread and 
abundant species was Cypricercus sp. 637, followed by a 


large group abundant on a few rocks, but not present on 
all. These include Ceriodaphnia sp. and green planarians 
(southern rocks), Branchinella longirostris, Limnadia badia, 
Neothrix armata and black planarian (middle rocks) and 
Paraborniella tonnoiri and Caenestheriella marine (northern 
rocks). An alternative view of relative dominance is 
gained by analysing the number of pools on each rock 
containing each species (Table 2). Overall this confirmed 
the common and rare species, but in general uncommon 
insects occurred in more pools than uncommon 
crustaceans. The ordination diagram from a multivariate 
analysis (Figure 10) showed a relationship best explained 
by factors associated with latitude, though the separation 
between Yanneymooning and Bullamanya was slight. Mt 
Madden in the far south and Walga Rock in the far north 
were the most variant, probably due to the dominance of 
some extra species at Mt Madden and the restricted 
species richness at Walga Rock. 

Phenology 

There was little sequential appearance of species during 
the aquatic stage of the gnammas; most species peaked 
according to their speed of development (Figures 4-9, 
Appendix 1). Southern pools had a earlier start in broad 
agreement with filling associated with rainfall —Mt 
Madden with 11 mm in April was the most advanced 
when sampled commenced in late May, and Bullamanya 
the least advanced with only 0.8 mm in April. Differences 
in speed of community development soon faded on 
subsequent sampling trips, except at Walga which 
exhibited a stop-start pattern associated with its erratic 
hydroperiods. 

Branchiopod larvae and chironomids (mainly 
Paraborniella tonnoiri ) appeared first in all gnammas on 
all rocks (Figures 4-9). Paraborniella tonnoiri were fourth 
instars that had been in suspended animation (Jones 
1971). Following reactivation they soon pupated and 
adults emerged and dispersed, so larval numbers 
dropped rapidly. This pattern was very different to that 
of Chironomus tepperi which colonised some ponds from 
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Mt Madden 






□ Ceriodaphnia n.sp. 

■ Boeckella opaqua 


» Ostracoda (8 sp.) 

-O- Limnadia badia 

• Branchinella longirostris 


* - nematode 

■ planarians (3 sp.) 

□ Macrothricidae (6 sp.) 

■ Chydoridae (6 sp.) 


□ Dytiscidae larvae (3 sp.) 

* - Paroster aduts 


Figure 4. Seasonal changes in 11 taxa/taxonomic groups on Mt Madden. Abundance indices in Figures 4-9 are calculated by adding all 
abundance values for all pools, and hence show the relative success of a taxon on a rock, as measured by its pooled abundances in the 
10 study gnammas. Circles on the figures indicate abundances were due to larvae. 


Hyden Rock 



Ceriodaphnia n.sp. 
Boeckella opaqua 


Ostracods (7 sp.) 
Limnadia badia 
Branchinella longirostris 


nematode 
Planarians (3 sp.) 
Macrothncidae (3 sp.) 
Chydroidae (8 sp.) 



□ Beetle larvae(3 sp.) 

• Paroster adults 


Figure 5. Seasonal changes in the same 11 taxa/taxonomic groups in the same order on Hyden Rock 


20 








































Timms: Seasonality in gnammas in WA 


Yanneymooning Rock 




Ostracoda (6 sp.) 

□ Limnadia badia 

W Branchinella longirostris 


~e- nematode 

--E?- Planarians (2 sp.) 

□ othet Macrothricidae(3sp.) 

■ Chydoridae (5 sp.) 



beetle larvae (2 sp.) 
Parostet sp. 


Figure 6. Seasonal changes in the same 11 taxa/taxonomic groups (with Macrothrix hardingi substituted for Ceriodaphnia n .sp.) in the 
same order on Yanneymooning Rock. 


Bullamanya Rock 




Ostracods (7 sp) 

□ • Limnadia badia 

■ Branchinella longirostris 


"O—. nematodes 

- Planarians (2 spj 

□ Other Maoothricidae (4 spj 

M Chydoridae (5 spj 



□ Beetle larvae (3 sp) 

• Paroster beetle 


Figure 7. Seasonal changes in the same 11 taxa/taxonomic groups (as on Yanneymooning Rock) in the same order on Bullamanya 
Rock. 
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Walga Rock 




Tnops n sp. 
Boeckella opaqua 


Ostracods (2 spO 
Caenestheriella mariae 
Brartchinella longlrostris 


nematodes 
Dasyhelia sp. 
chironomids (2 sp.) 
Hemiptera (2 sp.) 



□ beetle larvae 

• 1 ■' Parostersp. 


Figure 8. Seasonal changes in 11 common taxa/taxonomic groups on Walga Rock (these are not comparable with those on the other 
four rocks). 


Other species, by location 


18 


9 


0 


Mt Madden 




Metacydops laurentiisae 
Glyptophysa 


chironomids (4 sp.) 
Dasyhelia sp. 


trombidioid mite 
Daphniajollyi 
chironomids (4 sp.) 
Caenestheriella mariae 



Figure 9. Seasonal changes in some other common species that are largely restricted to, or most common on, particular rocks. 
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semipermanent waters nearby (as at Bullamanya Rock) 
so that its numbers peaked in week 6 (Figure 9). Another 
early starter in Mt Madden was the cyclopoid Metacyclops 
laurentiisae which appeared early on as adults and then 
increased rapidly by the next visit in June before falling 
to low numbers through the remainder of the 
hydroperiod (Figure 9). The branchiopods, Branchinella 
longirostris and Limnadia badia matured early and were 
most common over the next 3-9 weeks, waning in the 
last 6-9 weeks (Figures 4-7), though L. badia often 
persisted until pools dried. Triops n. sp. was also a quick 
developer and hatched repeatedly if the pools dried and 
re-wetted (as at Walga and Bullanmanya Rocks) (Figures 
8, 9). They occurred almost exclusively in pools with flat 
rocks and usually were found hiding under these rocks. 
On the other hand the clam shrimp Caenestheriella mariae 
developed somewhat slower reaching a peak in the 
middle or late life of pools (Figures 8, 9). All of the 
branchiopods were univoltine. 

Less prominent early starters were the planarians 
(Figures 4-7) peaking 6-12 weeks after filling, with the 
black planarian developing quicker than the green 
species and waning earlier; it was also the most 
widespread planarian while the rhabdocoel was 
restricted in distribution to the south and limited in 
abundance. Nematodes were most common in southern 
rock pools and peaked variously at 6-18 weeks (Figures 
4-8). 

Some insects invaded the southern rocks early on; the 
most prominent of these was the beetle Paroster, 
particularly on Yanneymooning where it peaked very 
early and again as pools dried (Figures 4-8). Larvae 
appeared 3-6 weeks into the hydroperiod and were small 
but by 12-15 weeks were relatively large and in declining 
numbers as the pools dried at 15-18 weeks. Other beetles, 
mainly Sternopriscus multimaculatus and Eretcs australis, 


also successfully bred in many of the pools, mainly in the 
south. An insect which failed to breed successfully in the 
short hydroperiod of 2010 was the odonatan Hemicordulia 
tan. On Bullamanya (Figure 9), large numbers of 
immature larvae died in early October in some pools, 
while elsewhere only a few immature individuals died; 
in all cases there was no evidence that any matured and 
emerged. Of the few hemipterans visiting the pools, 
Micronecta sp. was the most common followed by Anisops 
thienemanni. Most hemipterans bred, and while some 
matured before the pools dried prematurely, many did 
not in 2010. 

Boeckella opaejua, the most common invertebrate of 
most pools, variously peaked at 3-9 weeks (Figures 4-8). 
It had a few overlapping generations, and hence was 
multivoltine. The other abundant open-water plankters 
included Ceriodaphnia n. sp., Macrothrix hardingi and 
occasionally Daphnia jollyi, which all tended to peak in 
the 12th week (Figures 4-9), i.e. after the open-water 
branchiopods, and all three were multivoltine with 
overlapping generations. There were many benthic 
cladocerans peaking at various times with little overall 
pattern, though the majority of the abundant ones also 
peaked in the 12th week (Figures 4-7). Again the 
presence of numerous juveniles of most species during 
the season suggest most are multivoltine. All had 
ephippial eggs as the pools shrunk and dried. Ostracods 
tended to peak a little later than cladocerans, in the 12- 
15th weeks (Figures 4-7). It was not uncommon for them 
to persist longer than other crustaceans and dried 
remains in pools often featured shells of Ilyodromus and 
Bennelongio, as well as those of Limandia badia. Once 
mature, the larger ostracods such as Bennelongia, Cypretta 
and Ilyodromus did not vary in size so were probably 
univoltine. No data were collected on the smaller taxa 
such as Cypricercus. 



Figure 10. Ordination diagram of the relative dissimilarity of the invertebrate assemblages on the five rocks. 
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Few dipteran larvae were recorded except for some 
chironomids. Mosquitoes were particularly uncommon as 
were various larvae such as stratomyids and tabanids. 
Ceratopogonids were common in some pools on some 
rocks; those in Mt Madden and Yanneymooning peaked 
late (12-15 weeks), while those on Hyden Rock peaked 
early (3-9 weeks) then suddenly waned. 

Only Mt Madden had the snail Glypophysa. It 
appeared early as adults, bred and then numbers peaked 
at 9-12 weeks (Figure 9). As the pools dried, populations 
disappeared to under rocks on mud where adults and 
maturing juveniles began aestivating. At this stage they 
were easily activated again by immersing in water. 
Numbers under rocks did not match the large numbers 
seen in pools during the height of the season. 

Few mites were recorded but included terrestrial 
trombidioid mites. These persisted for a few weeks after 
filling in Yanneymooning and Bullamanya Rocks and at 
Yanneymooning they were back again as the pools dried 
(Figure 9). During the dry season, at least in the October 
visit and on an extra November visit to Yanneymooning, 
they could be found under rocks and amongst coarse 
gravel. 

DISCUSSION 

Species richness and composition amongst temporary 
pools, even within sites is highly variable (Finder et al. 
2000; Jocque et al. 2007b) so that authors prefer to make 
species lists for districts or whole rocks rather than for 
individual or small groups of pools (Bayly 1982, 1997; 
Pinder et al. 2000; Jocque et al. 2007a). Considering district 
totals, the 72 species recorded from this study compares 
with 88 species from just 36 gnammas on 17 different 
granite outcrops across the wheatbelt (Bayly 1997). The 
more wide ranging and detailed study of Pinder et al. 
(2000) recorded 230 species across a much wider area of 
southwestern Western Australia (but only from nine 
rocks and an unspecified number of pools). Clearly, 
district cumulative species richness (CSR) depends on the 
size of the district so that it is more instructive to consider 
CSR on individual outcrops. For the Western Australian 
Wheatbelt CSR per rock outcrop is around 45-60 species; 
Pinder et al. (2000) quoted 49 ±15 in their study, Jocque et 
al. (2007a) listed 58 taxa for Hyden (Wave) Rock and 43 
taxa for King Rocks, and the present study recorded 47 
species on Hyden Rock, and between 22 and 54 species 
for the other four rocks. These figures well exceed the 
<20 CSR for rockpools in other parts of the world (Jocque 
et al. 2010) and in eastern Australia (Bishop 1974; B V 
Timms unpubl. data). The number of species per pool 
during the period of maximum diversity is around 25-30 
(except on Walga Rock), which is higher than figures 
given by other authors: for example Bayly (1997) listed 
7-15 species for pools on Mt Madden. Discrepancies 
could be due to different sampling techniques, sampling 
at different stages in the hydrologic cycle and taxonomic 
expertise. Also there could be differences between years, 
though the data from the study rocks (Table 1) suggests a 
similar composition in 2009 and 2010 except for 
numerous uncommon species encountered in 2010 with 
greater sampling effort. The significantly lower diversity 
in the north clearly was associated with its shorter and 
unreliable hydroperiods on the phenology of some 


species, as experienced during 2010 on Walga Rock 
(Vanschoenwinkel et al. 2009, 2010). The same factor 
operated to a much lesser degree on the next rock to the 
south, Bullamanya, where at least Hemicodulia tau failed 
to complete its life cycle in 2010, 

Despite the high variability in species richness and 
species composition on and between rocks, it seems there 
may be a pattern across the southwest of Western 
Australia. Compared to gnammas in the central 
Wheatbelt, the pools in the forested west and southwest 
comer of Western Australia studied by Bayly (1982) have 
a reduced fauna of 35 species overall, with fewer species 
in most groups, particularly turbellarians and beetles. 
Similarly gnammas well north of the Wheatbelt, such as 
Walga Rock have fewer species, again in most groups, 
but most noticeably among cladocerans, tubellarians and 
beetles. In both cases dominants are largely similar to 
those in the central Wheatbelt. There is also a decrease in 
species richness from south to north as seen in the 
present study and the more detailed assessment by 
Jocque (2007) and Jocque et al. (unpubl. data). These 
differences, and maybe there are also changes east to 
west (B V Timms unpubl. data), must be associated with 
major climatic differences though habitat parameters 
may also be influenrial (Vanschoenwinkel et al. 2009). 
Central is the reliability of rainfall and lengths of 
hydroperiod, as well as perhaps temperature and 
evaporation potential differences, between the central 
Wheatbelt and fringe areas. Rainfall gradients are from 
the southwest to the northeast, so not quite concordant 
with the axis of the study rocks, whereas temperature 
gradient and evaporation potential are more south-north 
oriented. There could also be a difference in food sources. 
Bayly (1982) mentioned the importance of organic matter 
input from decaying mosses and lichens in the 
Northcliffe pools and recorded few plants in these pools. 
By contrast in central Wheatbelt gnammas, organic 
matter derived from mosses and lichens does not seem 
so important, and the influence of vegetation, particularly 
of Isoete s and Glossostigma, stronger on features such as 
habitat complexity and possibly on periphyton 
availability. Northern sites such as Walga Rock lack 
vegetation (and hence the microcrustaceans associated 
with this habitat) and as seen in 2010 can have reduced 
hydroperiods preventing completion of life cycles. 

Salinity is an important environmental control in 
many Australian waters (Pinder et al. 2002 for 
southwestern Australia) and in some temporary waters 
(Waterkeyn et al. 2008), but not in gnammas. The study 
gnammas contained waters of low to very low total 
dissolved salts and they remained fresh throughout the 
hydroperiod. Salinity thresholds for Australian inland 
aquatic fauna are higher by at least an order of 
magnitude (Hart et al. 1991), so this factor was dismissed 
as inapplicable in this study. 

Habitat structure is important for the presence of some 
species. On both Bullamanya and Walga Rocks, Triops n. 
sp. occurred only in pools with flat rocks standing off the 
bottom, probably as such arrangements provided refuges 
against predation from birds in pools with crystal-clear 
water. The snail Glyptophysa survived only in those pools 
with large rocks on Mt Madden (and also Anderson 
Rocks and King Rocks: B V Timms unpubl. data) 
probably because the protected undersides of such rocks 
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provide aestivation refuges. Chironomids and 
ceratopogonids were most common in pools with thicker 
organic sediments which may provide the most suitable 
habitat and food, but this was not investigated 
quantitatively. 

As recorded in other studies (Bayly 1982, 1997; Pinder 
et al. 2000), regional endemism is high, mainly among the 
crustaceans which tend to have lower dispersability. The 
list includes many of the dominants such as Branchinella 
longirostris, Linmadia badia, Pleurispina spp. Ceriodaphnia n. 
sp., Daphnia jollyi, Macrothrix hardingi, Bennelongia sp 563, 
Boeckella opaqua and Allotrissocladius sp I (an insect). An 
addition to the list of endemic species is the new 
subspecies of Triops which lives in northern gnammas in 
this study but is found rarely in gnammas in the Hyden 
area (B Vanschoenwinkel pers.comm. 2011). 

The high diversity and endemism of invertebrates in 
gnammas in the wheatbelt is typical of inland waters of 
southwestern Australia and applies to many invertebrate 
groups [c.g. Branchinella (Timms 2002, 2008); Coxiella 
(Pinder et al. 2002); chydorid cladocerans (R. Shiel 
pers.comm. 2008); Daphnia (Daphniopsis) (Hebert & 
Wilson 2000); mytilocyprinid and other ostracods (Halse 
& McRae 2004; Pinder et al. 2002); and Parartemia (Timms 
2010)]. Diversity and endemism is believed to be 
promoted by past climate change and the role of isolated 
refugia, isolated granitic outcrops with their stressful but 
reliably filled seasonal pools being particularly ideal 
locations for speciation (Hopper et al. 1997). 

Jocque et al. (2007a) mentioned two basic classes of 
inhabitants in these gnammas, passive and active 
dispersers, while Williams (1985) based on Wiggins et al. 
1980 recognised a more detailed classification of four 
types (I to IV). All the crustaceans (large and small 
branchiopods, copepods, cladocerans, ostracods), 
planarians and the snail Glyptophysa sp. belong to 
Wiggins et al.' s Group 1 [type (a) of Williams], the 
permanent residents capable of only passive dispersal. 
Almost all of these survive the desiccated period as 
resistant eggs, but the cyclopoid copepod Mesocyclops 
laurentiisae seems to pass the summer in some advanced 
copepodite stage (as do some overseas cyclopoids in 
winter: Smyly 1958), and the snail as quiescent adults. A 
few species belong to Wiggins et al.' s Group II [type (b) 
of Williams] which includes the residents capable of 
some active dispersal. Examples are some of the 
chironomids, including Paraborniella tonnoiri. These 
survive the dry summer as cryptobiotic 4th instars and 
the adults are capable of limited airborne dispersal 
during the wetted period (Jones 1971; Edwards 1968). 
The remainder belong to Group IV [type (c) of Williams]; 
they are all insects (hemipterans, coleopterans, various 
dipterans including some chironomids such as 
Chironomus tepperi living in the pools when wet, but 
surviving elsewhere during the dry period. Wiggins et 
al.' s type Ill does not need water for breeding; the only 
example in the present pools is the terrestrial trombidioid 
mites, which are really accidental members of the aquatic 
fauna of these pools. Williams (1985) dismissed this 
group and erected another type (d) that are found only 
in temporary waters moving from one to the next as they 
fill and dry over the year. There are no members of this 
group in these pools as generally all are wet in winter¬ 
spring and dry over summer-autumn. 


The generalists [Group IV and type (c)] live in many 
types of habitats (Jocque et al. 2007a). A prime example is 
the Coleoptera with many of the species recorded in 
gnammas widespread and found living in a variety of 
waters including swamps, marshes and freshwater and 
saline lakes (Pinder et al. 2000). Hendrich & Frey (2008) 
mentioned eight visiting species (to four granite 
outcrops), Pinder et al. (2000, 2002) 23 taxa (to nine 
granite outcrops), and the present study 16 species (to 
five granite outcrops), making 28 species altogether. This 
is the first study to find so many species breeding, with 
eight different type of larvae recorded. An exception to 
more generalists beetles appears to be Paroster which has 
some species focusing on pan gnammas, visiting them 
early in their existence to breed and during the wet phase 
utilising them to the exclusion of other pools in the area 
(B V Timms unpubl. data). Hendrich & Frey (2008) 
surmised that at least P. baylyi and P. ursulae may pass 
the summer as resistant eggs in pan sediments just like 
the crustaceans. This study suggests this is unlikely, as 
Paroster near michaelseni oversummers elsewhere, arrives 
to bred when the pans first fill, larvae grow in the pans 
during their wet phase (small in weeks 3-12, larger in 
weeks 12-18) and mature before the pans dr)', giving a 
second peak of adults. They behave ecologically like the 
majority of insects and not like the crustaceans, and their 
life cycle is adapted to the hydrological regime of pan 
gnammas. The same does not apply to some of the other 
generalists found in gnammas, for instance odonates and 
many hemipterans did not complete their life cycle in 
2010. Though this study did not focus on dispersal, the 
greater dispersal ability of the generalist insects vis-a-vis 
the passive crustaceans, is revealed by their appearing in 
more pools per rock than similarly classified uncommon 
crustaceans (cf. Tables 1 and 2). 

Succession in these pools is explained largely by the 
tolerance model of Connell & Slatyer (1977) with perhaps 
some aspects of their inhibition model applying. In most 
pools the habitat changed little during the wetted period: 
plants quickly appeared in most pools but did not 
dominate the water column; salinity increased a little, 
but still well within tolerance limits; most pools had 
crystal-clear water throughout their existence. So 
successional stages associated with vast habitat changes 
as seen in the Pomborneit pool (in Victoria) studied by 
Lake et al. (1989) would not be expected. Neither were 
there major changes in predation pressure as seen in that 
study - the major predators, planarians and beetle larvae, 
were generally abundant throughout weeks 6-15 with 
certainly no obvious peak towards the end as in the 
Pomborneit study (Lake et al. 1989). It is possible that this 
pressure eliminated fairy shrimps in many pools and 
cladocerans then dominated, as predicted by Jocque et al. 
(2007b). However, this study was too coarse to be sure of 
this and, besides, the averaging method of recording 
abundance and species richness in the pool sets blurred 
changes in individual pools. It would seem that most 
species in these pools developed largely independently 
of others, reaching their peak numbers and endurance 
according to their phenological characteristics, i.e. pool 
dynamics fall largely within the scope of the tolerance 
model of succession. The unusually short hydroperiod of 
2010 was long enough for all the passive dispersers 
[Types I and II, (a) and (b)] to complete their life cycle, 
but not for some of the generalists [Types IV and (c)]. 
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Presumably during a 'normal' year when hydroperiods 
extend to October and November all generalists complete 
their life cycle, but composition of invertebrate 
assemblages at such times is unknown. Based on 2010 
data, it is predicted many pools would be dominated by 
Limnadia badia, Boeckella opaqua and various ostracods. 
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Appendix 1 Seasonal changes in abundance indices for selected species at the five sites. 


Mt Madden 

24 May 

17 Jun 

10 Jut 

1 Aug 

24 Aug 

12 Sep 

3 Oct 

Planarians (3 spp.) 

- 

1.0 

2.3 

1.9 

6.0 

5.6 

4.8 

Nematode 

- 

2.2 

3.5 

2.4 

2.1 

4.0 

1.4 

Branchiopod larvae 

5.9 

- 

- 

- 

- 

- 

- 

Branchinella longirostris 

- 

5.0 

3.1 

1.9 

0.7 

1.0 

0.7 

Limnadia badia 

- 

7.0 

7.3 

5.5 

5.2 

5.3 

2.7 

Boeckella opaqua 

3.6j 

19.0 

20.5 

20.3 

21.7 

17 

7.3 

Metacyclops laurentiisae 

1.5a 

10.5 

0.3 

0.6 

0.2 

0.1 

0.4 

Harpacticoid sp 674 

- 

1.0 

0.4 

- 

" 

- 

- 

Ceriodaphnia n.sp. 

- 

8.1 

14.6 

19.9 

13.7 

14.0 


Moina australiensis 

- 

1.6 

1.3 

- 

1.3 

1.7 

" 

Macrothrix hardingi 

3.6 

- 

- 

- 

- 

- 

- 

Macrothricidae (6 spp.) 

- 

1.3 

0.6 

2.0 

0.7 

0.1 

0.1 

Chydoridae (6 spp.) 

0.1 

0.4 

1.5 

3.2 

5.5 

2.3 

3.3 

Ostracoda (8 spp.) 

0.1 

1.1 

3.4 

5.5 

8.3 

6.3 

3.2 

Odonata larvae 

- 

- 

- 

- 

- 

0.4 

0.1 

Hemiptera (4 spp.) 

0.2 

0.3 

0.1 

0.2 

0.2 

0.3 

0.1 

Paroster aduts 

0.4 

0.4 

1.0 

0.2 

- 

" 


Other Colepotera (6 spp.) 

0.1 

0.1 

0.1 

0.4 

0.3 

0.2 

- 

Dytiscidae larvae (3 spp.) 

- 

0.1 

0.2 

0.2 

0.2 

0.8 

" 

chironomids (3 spp.) 

- 

0.1 

1.2 

1.2 

0.4 

0.9 

" 

Dasyhelia sp. 

- 

- 

- 

- 

0.1 

- 

1.8 

Aedes alboannulatus 

- 

- 

- 

0.1 

" 

" 

- 

Glyptophysa 

- 

5.6 

4.6 

11.0 

14.0 

14.0 

10.0 


J, juveniles; a, adults 


Hyden Rock 

24 May 

17 Jun 

12 Jul 

1 Aug 

24 Aug 

12 Sep 

4 Oct 

Planarians (3 spp.) 

0.2 

1.5 

3.2 

5.0 

4.4 

2.3 

1.0 

Nematode 

5.3 

3.9 

10.1 

9.7 

9.3 

0.9 

1.3 

Branchiopod larvae 

0.1 

- 

- 

- 

- 

- 

- 

Branchinella longirostris 

- 

0.5 

0.1 

0.1 

- 

" 

" 

Limnadia badia 

- 

2.5 

2.5 

5.4 

2.7 

1.8 

0.3 

Boeckella opaqua 

0.3 

5.3 

13.0 

20.0 

16.7 

10.0 

1.3 

Ceriodaphnia n.sp. 

- 

3.3 

10.0 

15.6 

14.7 

7.7 

- 

Moina australiensis 

" 

- 

0.1 

- 

0.1 

1.7 

1.3 

Other Macrothricidae (3 spp.) 

- 

0.7 

0.2 

0.8 

1.6 

0.7 

- 

Chydroidae (8 spp.) 

- 

0.4 

1.5 

2.6 

2.2 

1.1 

0.2 

Ostracods (7 spp.) 

- 

1.0 

2.1 

5.3 

5.8 

2.6 

1.5 

Hemiptera (4 spp.) 

- 

0.3 

- 

0.1 

0.3 

0.5 

0.4 

Paroster adults 

0.3 

- 

- 


- 

0.1 

- 

Other beetle adults (8 spp.) 

0.1 

0.1 

0.1 

0.2 

0.1 

0.1 

- 

Beetle larvae(3 spp.) 

- 

- 

0.1 

0.4 

0.4 

0.4 

0.4 

Chironomids (4 spp.) 

1.9 

0.8 

1.1 

1.5 

0.6 

0.7 

0.3 

Dasyhelia sp. 

0.5 

2.6 

2.5 

2.7 

0.1 

- 

- 

Aedes alboannulatus 



2.5 


0.3 



Yanneymooning Rock 

25 May 

18 Jun 

11 Jul 

2 Aug 

25 Aug 

13 Sep 

5 Oct 1 

Planarians (2 spp.) 

0.1 

1.5 

1.6 

3.9 

1.5 

1.4 

- 

Nematode 

- 

2.4 

0.2 

0.7 

- 

0.1 

- 

Branchipod larvae 

4.3 

- 

- 

- 

2.7 

3.7 

- 

Branchinella longirostris 

2-0j 

4.0j 

9.7 

10.3 

7.7 

6.7 


Limnadia badia 

2.3j 

5.1 

5.5 

8.1 

4.0 

5.8 

- 

Caenestheriella marine 


- 

- 

0.1 

0.1 

0.3 

- 

Boeckella opaqua 

- 

3.9 

12.3 

15.3 

9.7 

10.0 

- 

Ceriodaphnia n.sp. 

- 

0.2 

- 

- 

- 

- 

- 

Daphnia jollyi 

- 

0.1 

1.5 

1.7 


" 


Macrothrix hardingi 

- 

0.1 

4.0 

10.0 

3.7 

5.4 

- 
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Yanneymooning Rock (cont.) 25 May 18 Jun 11 Jul 

2 Aug 25 Aug 13 Sep 5 Oct 1 


Other Macrothricidae (3 spp.) 

_ 

0.5 

1.4 

2.3 

1.0 

0.2 


Chydoridae (5 spp.) 

- 

0.2 

1.4 

3.5 

1.5 

1.2 

- 

Ostracoda (6 spp.) 

- 

1.3 

2.6 

3.5 

2.1 

1.8 

- 

Hemiptera (4 spp.) 

- 

0.1 

0.6 

0.1 

0.6 

0.8 

- 

Odonata 

- 

- 

0.3 

- 

- 

0.2 

- 

Paroster sp. 

7.5 

2.2 

1.2 

0.6 

0.8 

3.1 

- 

other beetles (2 spp.) 

0.1 

0.3 

0.7 

0.3 

0.4 

0.2 

- 

beetle larvae (2 spp.) 

- 

0.5 

0.3 

0.9 

0.7 

0.7 

- 

chironomids (4 spp.) 

2.7 

2.8 

0.8 

0.3 

0.1 

0.8 

- 

Dasyhelia sp. 

- 

- 

0.1 

- 

0.4 

2.0 

- 

Aedes alboannulatus 

- 

0.5 

1.0 

0.4 

- 

- 

- 

Trombidioid mite 

0.1 

0.1 

0.1 

- 

- 

0.2 

- 


1 Dry 

j, juveniles 

Bullamanya Rock 

26 May 

19 Jun 

12 Jul 

3 Aug 

26 Aug 

14 Sep 

5 Oct 

Planarians (2 sp.) 

0.1 

2.0 

3.5 

2.2 

1.1 

0.1 

0.1 

Nematodes 

1 

0.8 

0.3 

0.3 

0.3 

1.3 

1.3 

Branchiopod larvae 

17.2 

- 

- 

- 

3.7 

- 

- 

Branchinella longirostris 

- 

12 

11.5 

12.0 

3.0 

5.9 

- 

Limnadia badia 

0.1 

12 

12.5 

12.3 

4.3 

8.7 

- 

Caenestheriella marine 

- 

1.6 

6.1 

7.7 

4.3 

2.8 

0.3 

Triops n. sp. 

- 

2.2 

0.1 

- 

- 

0.4 

4.0 

Boeckella opaqua 

- 

17.9 

17.6 

15.3 

12.0 

14.3 

2.3 

Daphnia jollyi 

- 

- 

0.1 

1.7 

- 

- 

- 

Moina australiensis 

- 

- 

- 

- 

- 

0.3 

1.3 

Macrothrix hardingi 

- 

3.3 

10.3 

10 

6.3 

8.4 

- 

Other Macrothricidae (4 spp.) 

- 

0.5 

1.2 

2.0 

2.4 

1.3 

0.2 

Chydoridae (5 spp.) 

- 

- 

0.4 

3.6 

1.1 

0.8 

0.1 

Ostracods (7 spp.) 

- 

1.8 

2.8 

2.9 

3.8 

1.6 

0.5 

Anisops gratus 

- 

0.5 

- 

- 

- 

0.2 

0.1 

Dragonfly larvae 

- 

- 

- 

- 

0.4 

1.7 

2.7 

Paroster beetle 

1.7 

0.3 

- 

- 

0.3 

0.5 

1.0 

Other beetle adults (5 spp) 

- 

0.1 

0.1 

0.1 

0.3 

0.2 

0.1 

Beetle larvae (3 spp.) 

- 

0.2 

0.9 

1.0 

0.9 

0.1 

- 

Chironomus tepperi 

0.7 

2.5 

5.3 

1.4 

0.8 

0.3 

- 

Other chironomids (5 spp.) 

0.3 

1.4 

3.2 

1.3 

1.4 

0.8 

- 

Aedes alboannulatus 

2.0 

1.0 

0.5 

- 

- 

- 

- 

Dasyhelia sp. 

- 

- 

0.5 

3.3 

5.0 

- 

- 

Trombidioid mites 

0.1 

0.1 

0.1 

' 


“ 

“ 

Walga Rock 

27 May 

20 Jun 

15 Jul 

4 Aug 1 

14 Sep 

6 Oct 1 


Nematodes 

1.8 

2.7 

_ 

_ 

3.0 

. 


Branchiopod larvae 

4.0 

- 

17.2 

- 

16.8 

- 


Branchinella longirostris 

5.3 

3.0 

- 

- 

- 

- 


Caenestheriella marine 

4.3 

5.0 

- 

- 

- 

- 


Triops n. sp. 

1.0 

1.1 

- 

- 

6.3 

- 


Boeckella opaqua 

- 

5.3 

- 

- 

- 

- 


Ostracods (2 spp.) 

0.6 

0.4 

- 

- 

- 

- 


Hemiptera (2 spp.) 

0.4 

4.8 

- 

- 

0.1 

- 


Paroster sp. 

- 

- 

1.6 

- 


- 


Other beetles (4 spp.) 

- 

0.1 

0.6 

- 

0.5 

- 


Beetle larvae 

- 

0.7 

0.4 

- 

- 

- 


Chironomids (2 spp.) 

3.7 

3.9 

4.5 

- 

5.1 

- 


Dasyhelia sp. 

- 

3.5 

3.5 

- 

5.7 

- 



'Dry 
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Aquatic invertebrates of the Hutt River and Hutt Lagoon catchments. 
Western Australia 
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The Hutt River and Hutt Lagoon catchments lie along the coast of the mid-west region of Western 
Australia. An earlier study suggested they were amongst a set of catchments that efficiently 
represent salinity-threatened biota in the agricultural southwest of the State. Several of the other 
catchments in that set have been included in a program to protect their biodiversity assets. This 
paper reports on the diversity and biogeographic affinities of the aquatic invertebrate fauna of the 
combined Hutt catchments. We also assess the extent to which this fauna is complementary to 
those of other catchments and wetland suites managed for conservation in southern Western 
Australia. A total of 249 invertebrate species were collected from these catchments. This fauna 
includes species that have primarily northern Australian distributions and species that are more 
common in the higher rainfall southwest, demonstrating that the catchments lie within a zone of 
north-south faunal transition. It is unlikely that any individual species are unique to these 
catchments. However, the catchments do support a fauna that is dissimilar in composition to 
faunas of other wetland suites and catchments of the agricultural southwest for which there is 
similar information. Faunal composition varied greatly between the wetland habitats surveyed, 
with the freshwater springs and creeks representing particularly important habitats within the 
region. Six groups of wetlands are recognised based on the composition of their invertebrate 
communities and these are used as a framework for discussing conservation issues. 

KEYWORDS: aquatic invertebrates, conservation, Hutt Lagoon, Hutt River, rivers, springs. 
Western Australia, wetlands. 


INTRODUCTION 

Aquatic biodiversity in the Western Australian Wheatbelt 
was surveyed by Pinder et al. (2004) and Lyons et al. 
(2004) as part of a comprehensive survey of the region 
(Keighery et al. 2004). This is one of a number of large- 
scale surveys that have greatly increased knowledge of 
the State's aquatic biodiversity over the last two decades 
(Davis et al. 1993; Halse et al. 2000a; Horwitz 1997; Pinder 
et al. 2004, 2010a). Such surveys have a relatively sparse 
distribution of study sites, reflecting resource constraints 
in relation to the large areas surveyed. Smaller 
catchments and wetland areas identified as potentially 
high conservation value, sometimes as a result of the 
larger surveys (McKenzie et al. 2000; Commonwealth of 
Australia and the State of Western Australia 1999; 
Walshe et al. 2004), frequently require more intensive 
studies for local conservation planning. In the Wheatbelt, 
data from the regional survey were used by Walshe et al. 
(2004) to identify a set of catchments that 'efficiently 
represented [salinity threatened] diversity'. Several of 
those catchments have now been included in a 'Natural 
Diversity Recovery Catchment Program' (http:// 
www.dec.wa.gov.au/content/view/449/949/) that aims to 
manage catchments for protection of their natural values. 
As recommended by Walshe et al. (2004), surveys and/or 
monitoring have been undertaken at some of the 
Wheatbelt wetlands to provide biodiversity data for local 
conservation planning (Aquatic Research Laboratory 
2009; Cale 2008; Department of Environment and 
Conservation 2006). This paper reports on a survey of 
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aquatic invertebrates in another of the Walshe et al. (2004) 
catchments—the Greenough (Hutt) in the mid-west of 
Western Australia. This survey joins a growing list of 
studies of catchments or wetland complexes that are 
providing an understanding of fine-scale aquatic 
biodiversity patterning and filling gaps in the larger 
surveys (Edward et al. 1994; Halse et al. 1996,1998, 2000b; 
Pusey & Edward 1990; Stewart 2009; Storey et al. 1993, 
2011; Timms 2009). 

The objectives of this paper are to (i) describe the 
aquatic invertebrate communities of the Hutt River and 
Hutt Lagoon catchments; (ii) investigate the 
biogeographic affinities of the fauna; (iii) assess the 
extent to which the catchments support a fauna already 
represented in other wetlands and catchments managed 
for conservation in the southwest agricultural zone; and 
(iv) identify priorities for aquatic invertebrate 
conservation in these catchments. 


STUDY AREA 

The Walshe et al. (2004) Greenough (Hutt) catchment 
incorporates four of the Greenough Basin sub¬ 
catchments. These are the two sub-catchments of the Hutt 
River (shown merged on Figure 1), the northernmost 
sub-catchment of the Greenough Coastal catchment 
(labelled as the Hutt Lagoon catchment on Figure 1) and 
a small northern sub-catchment of the Bowes River 
Catchment. Only the first three of these sub-catchments 
are included in our study (Figure 1) and they are jointly 
called the Hutt catchments in this paper. These are 
located on the mid-west coast about 75 km north of 
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Geraldton and occupy about 200 000 ha (8.9%) of the 
Geraldton Hills IBRA subregion (Australian Government 
2004). The 'mid-west' referred to in this paper is that 
semiarid to arid region of the State between the more 
temperate southwest and the Pilbara region in the north 
extending inland from the coast towards the desert 
regions. The southwest of this area overlaps with the 
northern extent of region of dryland agricultural zone 
known as the Wheatbelt. 

The Hutt River catchment is dominated by the 60 km- 
long main channel of the Hutt River. In its upper 
catchment, low gradient creeks lie on a 220-260 mASL 
plateau and these are mostly salinised. On this plateau 
there are also numerous seasonal secondarily saline 
wetlands. The middle and lower parts of the catchment 
are more dissected and include perennial spring-fed 
tributaries, many of which are fresh. Rainfall-dominated 
flows (primarily in winter and spring) carry high salt 
loads from the upper catchment. In summer, low-salinity 
groundwater discharge usually becomes the dominant 
source of water and the river then has lower salinity. 
Hutt Lagoon is a 12 km long x 2 km wide, shallow (<1 m) 
hypersaline evaporative birrida. This is the old estuary of 
the Hutt River, now naturally isolated from the ocean 
(Arakel & Moulton 1986) but receiving marine water via 
subsurface flows due to the lagoon lying below sea-level. 
On the low-lying flats north of the lagoon are numerous 


swamps and marshes, including Utcha Swamp. Hutt 
Lagoon and Utcha Swamp are listed in the Directory of 
Important Wetlands in Australia (Environment Australia 
2001 ). 

The region has mild wet winters and hot dry 
summers. Mean annual rainfall increases from about 350 
mm at Binnu, just east of the Hutt River catchment, to 
405 mm at Lynton (near Gregory) on the coast. Rainfall 
was well below average in 2007 (222 mm at Binnu and 
212 mm at Lynton) but summer 2007/08 rainfall (86.8 
mm) was much higher than average (25.1 mm), falling 
mostly on 11 December 2007 and 21 February 2008. The 
higher than average summer rainfall meant that the Hutt 
River did not freshen up in summer, as it normally does 
when flow from the freshwater springs becomes 
dominant. 

Land use in the Geraldton Hills subregion is primarily 
dryland agriculture (65.8%), with lesser areas of 
conservation (13.8%), grazed native pastures (13.2%) and 
other crown lands (6.5%) (Desmond & Chant 2002). Over 
98% of the area in this subregion's conservation estate is 
contained in two reserves: Kalbarri National Park (183 
004 ha) and Wandana Nature Reserve (54 821 ha), both 
of which are entirely outside the Hutt catchments. Only 
0.25% of land within the Hutt catchments is in 
conservation estate: Chilimony Nature Reserve, Nature 
Reserve 12657 and Utcha Well Nature Reserve, the latter 
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fragmented into several parcels (Figure 1). Clearing of 
native vegetation for agriculture has been extensive 
within the catchments and has resulted in altered 
groundwater and surface water hydrology and 
associated secondary salinisation, especially in upper 
parts of the Hutt River catchment. Stock access and feral 
pig activity in the Hutt River channel and riparian zone 
have contributed to weed invasion, bank erosion, 
siltation of streams and poor water quality in the Hutt 
River (Department of Environment 2005). 

in a previous invertebrate survey, Pinder et al. (2004) 
sampled aquatic invertebrates at four sites in the Hutt 
catchments in July 1999: Yarder Gully, Yerina Spring, 
Hutt Lagoon and Utcha Swamp. All of these wetlands 
were re-sampled during the present project, but not 
necessarily at the same location (Table 1). Hutt Lagoon 
was also sampled in October 2008 by Nowicki et al. 
(2009). These data are included in our analyses. 


METHODS 

Study sites 

Twenty-one sites have been sampled in total (Table 1). 
Eighteen sites were sampled for this survey, some of 
which were also sampled by Pinder et al. (2004), and 
three additional sites were sampled during previous or 
subsequent studies (Nowicki et al. 2009; Pinder et al. 
2004). In the Hutt River catchment, sites were located 
along the main channel of the middle to lower Hutt River 
(sites 3A and C and sites 4-6), some of the main 
tributaries (sites 2, 9, 10 and 16) and some of the springs 
and seepages feeding into the river or tributaries (sites 1, 
3B, 7, 8 and 11). In the Hutt Lagoon catchment, the main 
body of the lagoon was sampled at sites 12A to 12C, an 
area of low salinity seepage on the eastern shore of the 
lagoon was sampled at site 12D and some of the 
wetlands north of the lagoon were sampled (sites 13-15). 
Gaps in sampling include small playas and saline 
streams in the upper Hutt River catchment, wetlands in 
dunes to the west of Hutt Lagoon and ephemeral creeks 
draining the hills east of Hutt Lagoon. 

Most sampling was carried out in spring (4 samples in 
1999, 17 samples in 2007 and 1 sample in 2008). Three 
sites (3A, 3C and 4) plus one extra site (3B) were sampled 
in February 2008. This gives a total of 26 samples (Table 
1). The February 2008 sampling was undertaken to 
examine whether the lower flow and salinity expected in 
the Hutt River at that time of year (due to flows 
becoming dominated by the fresher spring-fed 
tributaries), resulted in altered community composition 
compared to spring. 

Water quality 

Electrical conductivity, pH and water temperature were 
measured in the field using a WTW WP-81 meter. Flow 
was measured using a Hydrological Services OSS-PC1 
current meter, except where water was too shallow and 
then flow was estimated by timing the movement of a 
neutral buoyancy object (generally a eucalypt nut). At 
least 1000 mL of water was passed through a glass 
microfibre filter paper and the paper retained and frozen 
for analysis of chlorophyll and the filtrate was passed 


through a 0.45 pm pore filter paper and frozen for 
analysis of total filterable nitrogen and phosphorus. 
Unfiltered water was collected for analysis of colour, 
hardness, alkalinity, ionic composition and turbidity. 

Invertebrates 

On each sampling occasion, two invertebrate samples 
were collected: a plankton sample using a net with 50 
pm mesh to sweep through the water column and gently 
through sparse vegetation and one benthic sample using 
a net with 250 pm mesh to sample the dominant habitats 
(i e.g. open water, detritus, vegetation and substrates). 
Each sample involved sweeping for a total of about 50 m 
(usually not contiguous). The benthic samples were 
elutriated in the field to remove heavier inorganic 
material, leaves and woody debris were washed and 
discarded and then the sample was preserved in ethanol. 
The plankton sample was preserved in buffered formalin. 
The entire contents of each sample were sieved and 
sorted in the laboratory and representatives of each taxon 
seen during sorting were removed. Invertebrates were 
identified to species level where possible. 

Data analysis 

To assess robustness of cluster groupings several 
methods were used (Legendre & Legendre 1998). Non- 
hierarchical k-means clustering (into six groups) was 
performed using the 'pam' function in the R package 
'Vegan' (Oksanen et al. 2008; R Development Core Team 
2011) and agglomerative clustering was performed using 
the 'agnes' function in the R package 'Cluster' (Maechler 
et al. 2007), with average, complete and flexible linkage 
methods, the latter with beta = -0.1. Co-phenetic variation 
(using the 'cophenetic' and 'correlation' functions in R) 
was used to investigate how well the clustering 
represented original inter-sample distances. The function 
'simprof' in the R package 'Clustsig' (Whitaker & 
Christman 2010) was used to identify significant clusters 
in dendrograms.The Chao2 species richness estimator 
(Chao 1987) in Estimate S (Colwell 2006) was used to 
estimate total species richness in the Hutt catchments. 

To compare community composition between Hutt 
catchment wetlands and wetlands in other Walshe et al. 
(2004) catchments, all available data from these 
catchments were combined in a non-metric 
multidimensional scaling (nMDS) ordination using 
Primer-E Ltd (2008). For this analysis, some manipulation 
of the matrix was required where the level of taxonomic 
resolution and nomenclature used for undescribed 
species was irreconcilable between the Buntine- 
Marchagee dataset (Aquatic Research Laboratory 2009 
and reports therein) and the datasets for other recovery 
catchments: Toolibin (Halse et al. 2000b), Drummond 
(Calc 2005 and unpublished data), Bryde (Cale et al. 2004, 
2008) and Warden (Pinder et al. 2010b and unpublished 
data). 


RESULTS 

Water physico-chemistry 

Table 2 contains the water chemistry data for all samples. 
Of the 22 samples collected in spring 1999, 2007 or 2008, 
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Table 1 List and descriptions of sites sampled in the Hutt catchments. 


Site 

no. 

Site 

name 

Date(s) 

sampled 

Grid reference 
(50J) 

Description 

i 

Yarder Gully headwater spring 

11 Sep 2007 

6879876 247324 

Spring running south of main creek line of 
Yarder Gully with seepage areas, shallow 
trickling water and muddy pools amongst 
sedges and ferns 

2 

Yarder Gully 

11 Sep 2007 

6879663 246685 

Reach of Yarder Gully flowing through 
dense sedges 

3A 

Hutt River at Yarder Gully confluence 

12 Sep 2007 

25 Feb 2008 

6878960 244831 

Hutt River immediately upstream and 
including Yarder Gully confluence 

3B 

Hutt River rock pool seepage 

12 Sep 2007 

6878960 244831 

Shallow rock pools capturing seepage 
which flows into the Hutt River just down 
stream of the Yarder-Hutt confluence. 

3C 

Hutt River downstream of Yarder Gully 

25 Feb 2008 

6878740 244987 

Hutt River immediately downstream of 
Yarder Gully confluence 

4 

Hutt River on Glenorie Station 

11 Sep 2007 

25 Feb 2008 

6880697 243788 

Braided reach downstream of two 
seepages from eastern bank 

5 

Hutt River south of Gregory Spring 

13 Sep 2007 

26 Feb 2008 

6888124 245272 

Reach with intact vegetation on both 
sides and passes over bedrock and silty 
areas. Downstream of seepage from 

Gregory Spring 

6 

Hutt River north of Gregory Spring 

13 Sep 2007 

6889103 247628 

Silty reach upstream of Gregory Spring 

7 

Gregory Spring 

13 Sep 2007 

6888774 245773 

A groundwater seepage area with sedges 
and small pools up to 3 cm deep and (when 
wet) with water trickling south to the 
adjacent Hutt River 

8 

Feast Soak 

14 Sep 2007 

6895238 262202 

A sedge-filled soak with small areas of 
shallow open water. The resulting creek 
line is highly degraded but the spring itself 
is in somewhat better condition 

9 

Harry Spring Creek 

14 Sep 2007 

6875374 244637 

A heavily wooded reach of a freshwater 
creek flowing north from Harry Spring. 
Channel heavily silted but includes areas of 
bedrock and overhanging vegetation 

10 

Creek next to Swamp Road 

12 Sep 2007 

6875065 254012 

Narrow deeply incised creek adjacent to 
Swamp Road 

11 

Yerina Spring 

14 Sep 2007 

22 July 1999 

6888276 239110 

Sedgeland groundwater seepage with 
wettest areas amongst Typlm or where a 
roadway impedes seepage (site SPS190 of 
Pinder et at. 2004) 

12A 

Hutt Lagoon site A 

15 Sep 2007 

6879372 233000 

An area of low salinity groundwater 
seepage in sedges on SE shore of lagoon 

12B 

Hutt Lagoon site B 

15 Sep 2007 

6883079 230016 

Eastern edge of main water-body of lagoon 

12C 

Hutt Lagoon site C 

09 Oct 2008 

6887130 226585 

North-eastern comer of lagoon (site 

RCM028 of Nowicki et at. 2009) 

12D 

Hutt Lagoon site D 

21 Jul 1999 

6879372 232800 

South-eastern end of lagoon (site SPS189 of 
Pinder et al. 2004) 

13 

Baumea/Cyperus fringed swamp 

15 Sep 2007 

6888618 225663 

Hyposaline wetland with areas of open 
water surrounded by very dense stands of 
Baumea articulata and Cyperus laevigatus 

14 

Utcha Swamp 

10 Sep 2007 

21 July 1999 

6890446 224944 

Swamp with dense stands of submerged 
macrophytes and severe Typha 
encroachment (SPS188 of Pinder et al. 2004) 

15 

Sedge fringed flats north of Hutt Lagoon 

15 Sep 2007 

6891302 223555 

Shallow sedge-fringed subsaline flats north 
of Hutt Lagoon 

16 

Yarder Gully 

23 Jul 1999 

6879280 245787 

Braided open reach of Yarder Gully (site 
SPS192 of Pinder et al. 2004) 
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nine were fresh (0.68-2.6 g/L), 10 were hyposaline (3.4- 
15 g/L, most < 5 g/L) and three were hypersaline (180- 
320 g/L). The freshest sites were springs and spring-fed 
creeks (sites 1, 2, 9, 10 and 11) and the most saline was 
Hutt Lagoon (up to 320 g/L). The Hutt River was mostly 
low hyposaline (generally 3-7 g/L). In the three sites 
sampled in both spring 2007 and the following February, 
salinity was about the same in both seasons at site 5, 
lower in summer at site 4 and higher in summer at site 
3A. Sites in the Hutt River catchment all had circum- 
neutral pH (6.2-7.6) whereas pH in Hutt Lagoon 
catchment wetlands were mostly alkaline (6.7-9.7). 

All wetlands were NaCl dominated, with order of 
milliequivalent cation dominance being 
Na*>Mg 2 '>Ca 2 >K' for all wetlands except for one sample 
from the main body of the Hutt Lagoon (site 12B) which 
had Na>.Vlg 2 '>K>Ca 2 ' and Utcha Swamp (site 14) which 
had Na*>Mg 2 *= Ca 2 *>K*. Sodium represented a 
particularly high proportion of anions in Hutt Lagoon 
(site 12B) and Yerina Spring (site 14), compensated for by 
lower Mg 2 * and Ca 2 *. 

Most sites had C1">S0 4 2 '>HC0 3 >C0 J 2 but three 
wetlands had C1>HC0 3 >S0 4 2 >C0 3 2 ‘. The latter sites were 
the Hutt River downstream of Yarder Gully (site 3C), 
Hutt River south of Gregory Springs (site 5) in summer 
(but not spring) and Utcha Swamp (site 14). Utcha 
Swamp had particularly high percentage of HCO, (18 to 
23%) which, combined with the relatively high 
percentage of Ca 2 ' (14 tol8%), probably reflects the 
limestone geology of the underlying aquifer (Arakel & 
Moulton 1986). Sulfate contributed relatively strongly 
(13-14 %) to anion composition at Yerina Spring (site 11), 
Utcha Swamp (site 14) and the sedge flats north of Hutt 
Lagoon (site 15). 

Most sites had chlorophyll concentrations between 2 
and 11 pg/L, the exceptions being Feast Soak (site 8) with 
43.5 pg/L and Hutt River downstream of Yarder Gully 
confluence (site 3A) with 32 pg/L in summer (3.5 pg/L in 
spring). The other two sites which were sampled in both 
seasons had lower total chlorophyll concentrations in 
summer than in spring. Site 3A was also the only one of 
the three sites sampled in both seasons to have higher 
nitrogen concentration in summer. Nitrogen 
concentrations were mostly 300-900 pg/L, a few sites had 
1000-1500 pg/L and three sites had nitrogen 
concentrations above 2000 pg/L (sites 3B, 11 and 12B). 
Site 3B also had 130 pg/L of phosphorus whereas 
phosphorus concentrations at the remaining sites were 
less than 50 pg/L. 

Invertebrate diversity 

A total of 219 taxa were collected in the 2007/08 survey, 
bringing the total number of taxa from all sampling to 
249 (Appendix 1). Most species (155) were insects, over 
half of which (85) were dipterans. Fifty species were 
crustaceans, primarily ostracods and copepods, with 
oligochaetes (12 species) and rotifers (14 species) the 
richest of the remaining groups. Richness in a sample 
varied from 10 in Hutt Lagoon in 1999 to 62 in Yerina 
Spring in 1999 and averaged 38.9 ± 2.7. Thirty-eight 
percent of species were recorded only in one sample, 69% 
were recorded in 3 or fewer samples and only 5% were 
present in more than half of the samples. 


The Chao2 species richness estimator suggests 
regional richness is likely to be about 343 species (95% 
C.I. 304-410), suggesting the survey effort to date may 
have collected about two-thirds of the species present in 
the sampled wetlands. In the three sites sampled in both 
spring and summer, only about a third of species 
collected at each site occurred in both seasons. Sites 3A 
and 4 had almost the same richness in summer as in 
spring but in site 5 summer richness was lower than in 
spring. Of the 87 species that occurred in any of the four 
summer samples (above sites plus 3C) 16 were not 
recorded at any sites in spring, but most of these were 
singletons and not likely to be associated with summer 
conditions in particular. 

Invertebrate communities 

The agglomerative clustering using average, complete 
and flexible linkage produced similarly structured 
dendrograms. The Hutt Lagoon samples (from sites 
12A-D) always grouped together; sometimes with the 
sample from site 15 (the sedge flats north of Hutt 
Lagoon). Otherwise site 15 grouped with samples from 
sites 13 and 14 (which otherwise always formed a group 
on their own), usually as a sister group to the samples 
from sites 7 and 8. Remaining sites (all from the Hutt 
River catchment) generally formed two groups, one 
comprising samples from the main channel of the Hutt 
River (samples from sites 3A, 3C, 4, 5 and 6) and one 
with samples from the springs, spring-fed tributaries 
and the granite rock pools (from sites 1, 2, 3B, 9, 10 and 
11). The first of these groups split into a group 
consisting of all of the samples collected in summer and 
one with all of the samples collected in spring. The 
sample from site 16 always clustered separately from 
other samples. The main deviation from the above 
clustering was that the average linkage method did not 
so clearly separate samples from the Hutt River channel 
from those of the springs and tributaries. Co-phenetic 
correlations for these dendrograms were between 0.86 
and 0.92 suggesting that they represented original inter- 
sample distances very well. Simprof analyses suggested 
that all of the above groupings were significant. In the 
k-means (non-hierarchical) cluster analysis, the four 
Hutt Lagoon samples split into two groups: one with 
the two 2007 samples and one with the samples from 
2008 and 1999. Samples from sites 13, 14 and 15 
grouped together (as in some of the hierarchical 
analyses) but grouping of the Hutt River catchment 
samples did not neatly separate main channel from 
spring/tributary samples (as in the average linkage 
method). All samples from the main Hutt River channel 
sites grouped together, but this group included all three 
samples from Yarder Gully (sites 1, 2 and 16) and the 
1999 sample from Yerina Spring (site 11). The remaining 
springs and tributaries formed two groups: samples 
from sites 7, 8 and 3B forming one group and those 
from sites 9, 10 and the 2007 sample from site 11 
forming another. Based on these analyses we suggest 
six groupings of samples. In the descriptions of sample 
groups below, a species is considered to be strongly 
associated with the group if it occurred in more than 
half of the samples in the group and was twice as likely 
to be represented in the group as would be expected by 
chance. 
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GROUP 1 FRESHWATER SPRINGS AND SPRING-FED 
CREEK 

This group consists of seven samples, all from springs, 
spring-fed creeks or seepages (sites 1, 2, 3B, 9,10 and 11), 
although only site 10 had significant flow at the time of 
sampling. Most sites in this group were fresh (< 2.6 g/L) 
but TDS at site 3B was 8.8 g/L. Water chemistry at site 3B 
was measured in a rock pool close to the river which 
possibly filled with hyposaline river water prior to 
sampling, whereas invertebrates were also collected from 
higher elevation pools filled from fresh bank-seepage. 
The fauna at this site seems to be a combination of salt- 
tolerant and salt-sensitive taxa, giving this site 
particularly high richness (60 taxa). That this site 
clustered with the more saline seepages (sites 7 and 8 in 
group 4) in some analyses indicates the duplex nature of 
its fauna. A total of 151 species were recorded from these 
samples (average 47 ± 4.2/sample), of which 47 were not 
found in samples from other cluster groups. Most of the 
latter were singleton records so their occurrence only in 
this group is perhaps a matter of chance, but some are 
species that tend to be associated with freshwater 
springs, swamps and seepages, such as the mosquito 
Culiseta atra, beetle Helochares tenuistriatus and 
dragonflies Nannophya occidentalis, Archaeosynthemis 
occidentalis and Orlhclrum pruinosum migratum. Species 
strongly and disproportionately represented in these 
samples were the copepod Paracyclops chiltoni, odonates 
Adversaeshna brevistyla and Ischnura aurora and 
chironomids Polypedilum nr convexum, Paralimnophyes 
pullulus, Paramerina levidensis, Cricotopus albitarsus and 
Alotanypus dalyupetisis. 

GROUP 2 HUTT RIVER CHANNEL 
This group comprises all eight samples from the main 
channel of the Hutt River (sites 3A, 3C, 4, 5 and 6), 
though in some of the cluster analyses these were not 
clearly separated from samples in group 1. These sites 
were characterised by having flow in spring (but not in 
summer) and fresh to mildly hyposaline water (1.1-6.7 g/ 
L, average 3.4). Total filterable nitrogen also tended to be 
lowest at these sites (mostly <600 ug/L). Samples from 
these sites contained 129 species, of which 32 (mostly 
singletons) occurred only in these sites. Average richness 
was 46 ± 2.7. Numerous species were strongly associated 
with this group, including the mayfly Tasmauocoenis 
tillyardi, gyrinid beetles, the blackfly Simulium ornatipes, 
ceratopogonids Bezzia spp. and Monohelea sp. 1, 
chironomids Rheotanytarsus sp., Cladopclma curtivalva and 
Cryptochironomus grisiedorsum, the caddisflies 
Cheumatopsyche AV2, Oxyethira sp. and Acritoptila sp. and 
the copepod Onychocamptus bengalensis. Many of these 
species are characteristic of flowing (or at least lotic) and/ 
or hyposaline water. Some cluster analyses indicated that 
the four samples collected in late summer 2008 had a 
different composition from those collected in spring, but 
it is difficult to identify individual species responsible for 
this. Thienemanniella and Harrisius chironomids were 
present in four or five samples collected in spring but 
were absent in summer. By contrast, the copepods 
Mesocyclops brooksi and Onychocamptus bengalensis were 
much more common in summer. Such differential 
occurrences probably reflect the fact that all samples 
were collected in flowing water during spring but in still 


water in summer. Salinities were about the same in both 
seasons. 

GROUP 3 SITE 16 (LOWER YARDER GULLY SAMPLED 
IN 1999) 

This sample consistently fell out as a sister sample to 
groups 1 and 2. The site was fresh (1.3 g/L) and flowing 
when sampled. Only five of the 38 species present were 
not collected in any other samples. These were the 
oligochaetes Insulodrilus cf. lacustris and Dero furcata, 
ostracod Candonopsis tenuis and chironomids Ablabesmyia 
notabilis, and Orthocladiinae 'S03' sp. A, i.e. all species 
that tend to be associated with freshwater. This site 
clustered with groups 1 and 2 because it shared many of 
tire freshwater and flowing water species with samples 
in those groups. However, this sample lacked a number 
of dipteran species that were very common in samples of 
groups 1 and 2 (Chironomus aff. alternans, Procladius 
paludicola, Paramerina levidensis Tanytarsus fuscithorax/ 
semibarbitarsus, and Culicoides sp.). 

GROUP 4 SUB-SALINE SEEPAGES 
This group consists of the two samples from Gregory 
Spring (site 7) and Feast Soak (site 8). These sites were 
shallow (~5 cm), hyposaline (4.5 and 8 g/L) and had 
higher chlorophyll (10.5 and 43.5 pg/L respectively) than 
all other sites except for 3B. Silica concentrations were 
also comparatively high (110 and 95 mg/L). These 
samples had 41 and 32 species respectively (58 
combined), with only 15 collected from both. Species 
occurring in both sites but not present in other samples 
were the ostracods Hclerocypris sp. and Bennelongia sp. 4, 
the copepods Metacyclops sp. 434 and the mosquito Culex 
globocoxitus . Other species of particular note are an 
undescribed Austrotrombella water mite (known only 
from a few other northern Wheatbelt sites), a possibly 
new Arrenurus water mite and some other taxa whose 
distributions are uncertain but which have rarely been 
recorded in the mid-west or Wheatbelt, such as 
Orthocladiinae sp. A, Culex sp. 3 and Anopheles alratipes. 

GROUP 5 LOW SALINITY WETLANDS NORTH OF 
HUTT LAGOON 

This group consists of all samples from the fresh to 
hyposaline wetlands in the Hutt Lagoon Catchment (sites 
13 to 15). Utcha Swamp was fresh (1.8 in 1999 and 1.6 g/ 
L in 2007) whereas sites 13 and 15 were hyposaline (4.7 
and 8.8 g/L). These samples contained 81 species (27-45 
per sample), including a number of widespread species 
which were present in three or four of these samples but 
otherwise comparatively rare. The latter were the 
chironomids Dicrotendipes conjunctus and Procladius 
villosimanus, the beetle Hyphydrus elegans, hemipterans 
Agraptocorixa eurynome and Anisops elstoni and the 
ostracod Kennethia cristata. These tend to occupy lentic 
rather than lotic habitats. 

GROUP 6 HUTT LAGOON SITES 

This group consists of the four Hutt Lagoon samples 
from sites 12A-D. Thirty-two species were present in 
these samples and sample richness varied between 10 
and 18. Composition was highly variable, with only three 
species present in more than two samples ( Austrochiltonia 
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subtenuis, Artemia sp. and Tanytarsus barbitarsus). These 
four samples were from the highest salinity sites, 
although 12A (seepage area on the edge of the lagoon) 
had much lower salinity (15 g/L) than the main lagoon 
(sites 12B-D with salinity 180 to 320 g/L). 

SUMMARY 

In a three-dimensional nMDS ordination (Figure 2) these 
six groups of samples are reasonably well separated from 
each other. Group 6 (Hutt Lagoon samples) are well 
separated from the remaining (fresh to hyposaline) 
samples and groups 5 and 6 (all Hutt Lagoon catchment 
samples) are more dispersed in tine ordination than the 
other groups, reflecting their more heterogeneous 
composition. Remaining groups are in close proximity 
but with little or no overlap. 

Complementarity 

A premise of the Walshe et al. (2004) analysis was that 
the catchments selected would be complementary in 
terms of their biodiversity assets. This was tested in a 2D 
ordination (stress = 0.19) of invertebrate communities 
from the Hutt wetlands and wetlands in most of the 
Recovery Catchments (Bryde, Drummond, Toolibin, 
Buntine-Marchagee and Warden). The Muir-Unicup 
Recovery Catchment has also been surveyed for 
invertebrates but the data are not yet available: however, 
considering its position in the higher rainfall southwest, 
that catchment is likely to have a very different fauna to 
the other catchments. After removing or merging taxa to 
make the datasets compatible, a total of 419 taxa 
remained. In the ordination (Figure 3) the Hutt samples 


occupied areas adjacent to, but mostly not overlapping, 
samples from the other catchments. This indicates that 
the Hutt catchments support an invertebrate fauna not 
represented in the other catchments. The dear exception 
is Hutt Lagoon (the four red dots towards the right in 
Figure 3) which were positioned in the same area as the 
largely saline Buntine-Marchagee wetlands. The 
similarity between Hutt Lagoon and the saline Buntine- 
Marchagee communities was probably due to shared 
presence of a few common halophilic species such as 
Artemia and Australacypris insularis. Some of the other 
catchments seem to overlap with one another in Figure 3 
but in a 3D ordination (not shown) all are reasonably 
well separated. A Permanova analysis (to test whether 
the Hutt fauna differed from the faunas of other recover)' 
catchment) was not performed because the data from 
different catchments are unequally dispersed within 
ordination space (tested using Permdisp in Primer). 


DISCUSSION 

Invertebrate diversity and composition 

The invertebrate richness estimated for the region by the 
Chao2 estimator (about 340 species) suggests the survey 
effort to date has revealed about 73% of the aquatic 
invertebrate fauna potentially inhabiting the particular 
wetlands sampled in the region. This is on par with other 
aquatic invertebrate survey projects in Western Australia 
(Pinder et at. 2004, 2010a). Further survey effort would 
help to describe invertebrate diversity and habitat 
associations more thoroughly in these catchments. 



Figure 2. Three-dimensional nMDS ordination (stress = 0.1) of wetlands based on aquatic invertebrate community composition, 
showing the six groups derived from the cluster analysis. 
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catchment 

O Drummond 
▼ Bryde 

■ Buntine-Marchagee 

• Hutt 

* Toolibin 
□ Warden 


Figure 3. Two-dimensional nMDS ordination (stress = 0.19) of wetlands from the Hutt catchments and Natural Diversity Recovery 
Catchments based on aquatic invertebrate community composition. 


particularly if the sampling gaps are filled. That most 
species occurred infrequently probably reflects the wide 
range of wetland types compared to the number of sites 
sampled. 

The 249 taxa collected from the Hutt catchments is 
about a fifth of the total number of species collected from 
the Wheatbelt region (Cale et al. 2004; Jones et al. 2009; 
Pinder et al. 2004 and unpublished data). The average 
richness per sample in the Hutt catchments (38.9) was 
very similar to the average richness (40.1) for all 
Wheatbelt wetlands sampled by Pinder et al. (2004). 
However, richness is strongly correlated with salinity in 
the Wheatbelt region (Pinder et al. 2005), so comparisons 


of richness need to take that into account. When plotted 
against salinity, sample richness in the Hutt catchments' 
fresh and hyposaline wetlands appears somewhat lower 
than would be predicted from salinity alone (Figure 4). 
This may have been because many of tire freshwater sites 
were small springs, seepages and creeks which tend to 
have lower richness (for a given salinity) than the larger 
lentic wetlands that predominate in the Wheatbelt survey 
dataset. 

The catchment and sample richness for the Hutt is 
similar to that recorded in some other small catchments 
in the inland southwest that have been sampled using 
comparable methods and taxonomic scope and 



total dissolved solids (g/L) 

Figure 4. Total dissolved solids vs richness of aquatic invertebrate communities in Hutt wetlands and in wetlands sampled for the 
biological survey of the Southwest Agricultural Zone (Pinder et al. 2004), with the richness-salinity model from Pinder et al. (2005). 
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resolution. Cale (2008) and Cale et al. (2004), 
supplemented by unpublished data held by the 
Department of Environment & Conservation (DEC), 
recorded 240 taxa in 29 samples from seven mostly 
hyposaline to saline wetlands in the Lake Bryde 
Recovery Catchment. The average richness per sample in 
those wetlands was 42 ± 2.5, about the same as that in 
samples of the Hutt catchments. 

In 21 wetlands in the Buntine-Marchagee Recovery 
Catchment (Aquatic Research Laboratory 2009 and 
reports therein) collected 223 taxa in 87 samples collected 
over five years. Average richness was only 20 ± 1.4/ 
sample but these wetlands were almost all saline. Species 
in common with the Hutt catchments were mostly very 
widespread and salt-tolerant, but include Polypedilum leei, 
a northern element (see Biogeography below) and 
Limnocythere porphretica, which is widespread in the 
southwest and Carnarvon Basin (Halse et al. 2000a) but 
uncommon compared to its congeners. 

Several freshwater springs at the headwaters of the 
Arrowsmith River in the northern Wheatbelt, 
supporting a listed threatened ecological community 
(Rees & Broun 2005), were sampled by Pinder& Leung 
(2010 and reports therein). These have at least 176 
species, with an average richness of 37 ± 4 per spring. 
Species in common between these springs and the Hutt 
catchments include some that are relatively rare in the 
Wheatbelt and tend to be found primarily in fresh and 
permanently moist habitats, such as the mosquitoes 
Culiseta atra and Anopheles atratipes, odonates 
Archaeosynthemis occidentalis and Archiargiolests pusillus 
and the water mite Austrotrombella n. sp. 

Further south, the Muir-Unicup Recovery Catchment 
has a much richer fauna of around 400 species [unpubl. 
data from DEC, A Storey (University of Western 
Australia) and R Sheil (University of Adelaide)] but this 
higher richness reflects the much larger number of 
wetlands sampled (53) and that most of them are fresh. 
Average sample richness was about 47 species (Storey 
1998). Unlike other recovery catchments, the Muir- 
Unicup fauna would include most of those species listed 
above as 'southwest' species whose Hutt populations are 
northern outliers. 

Virtually all of the Hutt catchments' species are 
known from elsewhere (see Biogeography below) and it 
is unlikely that any are locally endemic. Between 21 and 
36% of the Hutt catchments' fauna were present in each 
of the catchments mentioned above and at least 77% of 
the Hutt fauna occurs within one or more of them. 
However, this is based solely on presence/absence and 
would be true of almost all other catchments with a 
similar range of aquatic habitats in the southwest. Simple 
comparisons of species lists do not account for different 
probabilities of occurrence across landscapes. Our results 
indicate that aquatic invertebrate communities occurring 
in individual Hutt catchment wetlands are dissimilar in 
composition to those in established recovery catchments. 
Management of the Hutt wetlands for conservation 
would therefore be likely to protect a fauna that would 
not be as well represented elsewhere in the agricultural 
southwest. 

The Walshe et al. (2004) analysis used aquatic species 
assemblages (waterbirds, aquatic invertebrates and 


aquatic flora) identified by Halse et al.( 2004). The analysis 
suggested that assemblages 2 and 4 of Halse et al. (2004) 
were likely to be particularly well represented in the Hutt 
catchments but under-represented across the selected 
catchments overall, compared to species richness targets. 
Assemblage 2 included 54 invertebrate species found 
mostly in association with hyposaline water. Of these, 23 
have now been recorded in the Hutt catchments. Average 
richness of assemblage 2 across the wider Wheatbelt 
(from the Wheatbelt survey excluding Hutt sites) was 1.5 
± 2 per sample whereas in the Hutt catchments there 
were 3.3 ± 0.5. Assemblage 4 included 38 invertebrates 
associated with fresh to hyposaline flowing water, 
especially in sites along the eastern slopes of the Darling 
Range. Of these, 14 have now been recorded in Hutt 
wetlands. Average richness of assemblage 4 across the 
wider Wheatbelt was 1 ± 0.2 per sample, whereas in the 
Hutt catchments there were 2.5 ± 0.5 per sample. These 
figures confirm that assemblages 2 and 4 are better 
represented in Hutt wetlands than in the wider 
Wheatbelt, but this was not the case for any of the other 
Halse et al. (2004) assemblages. 

Biogeography 

Most species recorded in the Hutt catchments are 
common in southwestern or southern Australia or even 
continentally, but some are southwest endemics and 
others have primarily northern and/or inland 
distributions. 

A few of the species that are endemic to the southwest 
are much more commonly encountered in higher rainfall 
parts of the region and appear to be rare north of Perth. 
These are listed in Table 3, which also has notes on other 
northern records and wider distributions. Their 
occurrence in the Hutt River catchment is probably 
facilitated by the presence of permanent low-salinity 
water provided by the springs. Most of these, and 
numerous additional species with similar patterns of 
distribution, have been collected in fresh, permanently 
moist, organic mound springs near the town of Three 
Springs, 200 km north-northeast of Perth (Pinder & 
Leung 2010). Such species have been absent from other 
wetlands surveyed in the northern Wheatbelt and Mid¬ 
west (Aquatic Research Laboratory 2009; Jones et al. 
2009), including from fresh to mildly saline springs near 
Jurien sampled by Pinder & Quinlan (2012). This 
highlights the importance of the Three Springs and Hutt 
River springs in maintaining this component of aquatic 
diversity in the Mid-west. 

Numerous species have primarily northern Australian 
distributions, some of which have not previously been 
recorded this far south and probably close to their 
southern limits in the Hutt catchments (Table 3). These 
mainly occurred in wetlands of the Hutt Lagoon 
catchment (in contrast to the southern endemics which 
primarily occurred in the Hutt River catchment). An 
additional 27 northern or northern/inland species were 
recorded by Pinder et al. (2004) in the Eneabba to 
Murchison River region. These were mostly rotifers such 
as Lecane aculeata, Lecane papuana and Trichocerca chatloni 
or beetles such as Batrachomatus wingi and Hydrochus 
lateviridus. Others included the mosquito Culex palpalis, 
ostracod Zonocypretta kalimna and dragonfly 
Austrogomphus gordoni. 
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Table 3 Occurrence of southwestern endemic species and northern Australian species collected in Hutt wetlands 



Species 

Occurrence in 
the present 
survey 

Habitat and distribution 

Southwestern endemic 

species 



Aquatic earthworms 

Ainudrilus nhama 

sites 4 & 10 

A mildly salt tolerant species common in the south-west, 
including the southern and central Wheatbelt (Cale et al. 

2004; Pinder et al. 2004), Only other records north of 

Toodyay are daypans in Drummond Nature Reserve 
(Cale 2005). 

Mosquitoes 

Culiseta atra and Anopheles 
atratipes 

sites 1 & 7 

Tend to inhabit permanent coloured freshwater swamps 
with decaying leaf litter (Liehne 1991). Rarely recorded 
north of Perth. Both also recorded at organic mound springs 
south-west of Three Springs (Pinder & Leung 2010). 

Dragonflies 

Archaeosynthemis 
occidental is 

site 1 

Moderately common in permanent freshwater streams and 
wetlands south of Perth (Sutcliffe 2003). Also recorded in 
the Three Springs mound springs (Pinder & Leung 2010). 


Nannophya dalei 

site 11 

Inhabits boggy freshwater seepages and swamps of the 
south-west and appears to be rare even south of Perth 
(Sutcliffe 2003). 

Diptera 

Orthocladinae 'DEC sp. I' 

sites 1, 8 & 11 

Rare, in fresh to slightly saline swamps in the south-west. 
Otherwise only known from Three Springs mound springs 
in the mid-west (Pinder & Leung 2010). 


Harrissius sp. 

sites 2, 3A, 4, 5 
and 9 

Harrisius are common in streams and rivers of the Darling 
Range and further south. Otherwise only known from Three 
Springs mound springs in the mid-west (Pinder & 

Leung 2010). 


Tanytarsus palmatus 

sites 1,2,5 & 11 

Widespread in streams in the south-west. 

Northern species 

Beetles 

Megaporus ruficeps 

site 3B 

Common in wetlands and rivers across northern Australia, 
but not recorded in southern Carnarvon Basin by Halse et 
al. (2000). Also recorded in a spring near Jurien (Pinder & 
Quinlan 2012). 


Neohydrocoptus 

subfasciatus 

site 14 

Common in wetlands and rivers across northern Australia 
but not recorded in southern Carnarvon Basin by Halse et 
al. (2000). 


Hydroglyphus leai 

sites 12A & 13 

Common in wetlands and rivers across northern Australia 
extending into the southern Carnarvon Basin (Halse et al. 
2000) and mid-west (Daniel et al. 2009). 

Water bugs 

Anisops nasuta 

site 13 

Common in wetlands and rivers across northern and inland 
Australia, including the Carnarvon Basin, but rare further 
south. Also recorded in a spring near Jurien (Pinder & 
Quinlan 2012). 


Laccotrephes tristis 

sites 1 & 5 

Common in wetlands and rivers across northern Australia 
but rarely collected in south-western Australia. Not 
recorded in southern Carnarvon Basin by Halse et al. (2000). 


Paraplea sp. 

sites 13 & 14 

Probably an undescribed species common at least in north¬ 
western Australia. Pleids uncommon in southern Western 
Australia but a few records listed by Aquatic Research 
Laboratory (2009) and Pinder et al. (2004). 

Dragonflies 

Orthetrum pruinosum 
migratum 

site 1 

Common in wetlands (especially springs) across northern 
Australia but not recorded in southern Carnarvon Basin by 
Halse et al. (2000). 

Rotifers 

Lecane grandis 

site 12D 

A northern Australian halophilic rotifer (R.J. Shiel, 

University of Adelaide pers. comm.), not recorded south of 
Hutt Lagoon in Western Australia. 

Diptera 

Polypedilum leei 

site 5 

A northern/inland chironomid (Cranston 2000) of wetlands 
and rivers that has been occasionally recorded in the 
Wheatbelt as far south as the Avon River, e.g. Aquatic 
Research Laboratory (2009) and Pinder (2009). 
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From a conservation perspective, there are two ways 
of considering the northern and southern species towards 
the edges of their ranges. It could be argued that 
populations of these species may be at the limits of their 
ecological tolerances and that their conservation is likely 
to be more efficiently achieved in regions with more 
optimal environmental conditions. Thus, the northern 
species are more likely to persist in the Pilbara, with less 
active conservation effort than might be required to 
preserve them on the edge of their range. An alternative 
view is that transitional zones might be important in 
allowing species to cope with climate-change through 
migration and so suitable habitat should be maintained 
at and beyond the edges of current ranges. Furthermore, 
populations on the extremes of species' ranges may have 
genetic divergence/cryptic speciation (Thompson & Rich 
2011) and/or adaptive resilience (including to changes in 
climate) not developed in populations in more benign 
parts of their range (Sexton et al. 2009). In any case, 
maintaining regional diversity means addressing the 
conservation needs of these components of the fauna. 

An aquatic bio-regionalisation of Western Australia is 
yet to be produced, although there are enough data 
accumulating to begin such an analysis. An analysis of 
Freshwater Ecoregions of the World (FEOW) divided 
Western Australia into five regions, largely based on 
aquatic vertebrate species distributions (Unmack 2001; 
http://www.feow.org). The 'South-western Australian' 
and 'Paleo' FEOWs are divided at about the Arrowsmith 
River, which is close to the boundary (about the Irwin 
River) of the Geraldton Flills and Lesueur Sandplain 
terrestrial 1BRA subregions (Australian Government 
2004). These rivers lie within the northwest coastal extent 
of a broad zone of transition between a mesic-adapted 
southwest biota and a xeric-adapted northern/inland 
biota (Hopper 1979). Along the southeastern edge of this 
zone, Stewart (2009) identified a biogeographic divide 
along the south coast of Western Australia, 
distinguishing invertebrate faunas of fresher western 
rivers from those of more saline eastern rivers. The co¬ 
occurrence of northern and southwestern invertebrate 
species highlights the lower mid-west region as a zone of 
aquatic faunal transition. 

A few species are notable for their apparent rarity. 
The oligochaete Pristina sima, recorded at sites 3 and 11, 
has previously been collected only from a spring in the 
eastern Pilbara region of Western Australia and from 
Boomerang Cave and Ellen Brook Spring near Perth. An 
undescribed Austrotrombella water mite (one of only two 
in the genus) from site 7 has otherwise been collected 
only from two streams south of Geraldton (Pinder et al. 
2004) and from the Three Springs mound springs (Pinder 
& Leung 2010). Other possibly rare or restricted species 
are informally named so it is difficult to identify records 
in other published studies. Thus, some of the dipterans 
(Culex 'DEC sp. 3', Aedes nr camptorynchus and 
Forcipomyia spp.), the water mite Arrenurus sp. 25 and the 
copepod Nitocra sp. 3 have rarely or never been collected 
in the many other DEC projects. 

Three microcrustaceans of marine affinity (copepods 
Lourinidae sp. and Robertsoniua sp. and the ostracod 
Paradoxostoma sp.) occurred in Hutt Lagoon and may be 
related to congeners found in Lake McLeod, another 
large coastal lagoon surveyed by Halse et al. (2000a) and 


Russell (2004). They have not otherwise been recorded in 
inland waters of Western Australia, though there are 
marine species of these genera known from Australia. 

Three introduced species were recorded. Cherax caini 
(non-hairy marron) and Cherax destructor (yabbie) are 
both common in the lower Hutt River and C. caini was 
collected in Yarder Gully. Artemia brine shrimp are 
introduced and at least one species ( Artemia 
parthenogenetica) is an invasive species in Australia, with 
the potential to replace native Parartemia species in some 
Australian salt lakes (McMaster et al. 2007). However, the 
unidentified Artemia in Hutt Lagoon has now been 
present for several decades and is unlikely to have 
further ecological effects in situ. IT ere is no evidence that 
Parartemia were ever present. 

Conservation 

The main channel of the Hutt River retains significant 
riparian vegetation and a foreshore condition assessment 
reported moderate to good condition for most if its length 
(Department of Environment 2005). There is also 
significantly more uncleared land away from the channel 
in the lower to middle parts of the catchment than many 
other rivers in the region and sections of the lower to 
middle channel are also heavily vegetated. The riparian 
and in-stream vegetation contribute to aquatic 
invertebrate habitat diversity and a quarter of all species 
in Appendix 1 were collected only in the main channel of 
the Hutt River, so it has significant value in terms of 
maintaining diversify in the catchment. However, the 
river is secondarily saline and analyses by Pinder et al. 
(2005) suggested that many freshwater species would 
have disappeared from the river. Further salinisation is a 
major threat to the river and this could occur as a result 
of greater salt load from the upper catchment or through 
reduced dilution by the freshwater springs and spring- 
fed tributaries. Management of salinity in the eastern 
part of the Hutt River catchment is therefore likely to 
have significant benefits for the lower parts of the Hutt 
River. Concentrations of nitrates and total filterable 
phosphorus were below interim guideline values for 
southwestern Australian lowland rivers (ANZECC & 
ARMCANZ 2000) but are undoubtedly elevated 
compared to pre-European times. Total filterable nitrogen 
concentrations were comparatively high at sites 3A and 
3B (1500 and 3600 pg/L respectively, above the guideline 
of 1200 pg/L for total nitrogen in southwest rivers) and 
these were associated with elevated chlorophyll 
concentrations (32 pg/L at site 3A in summer). The 
somewhat different composition of the fauna of the river 
when it is flowing (in spring) versus when it is present 
as standing pools, suggests the river's full invertebrate 
component requires a seasonal flow regime. 

Springs and spring-fed creeks (sample groups 1, 3 and 
4) play an important role in reducing salinities in the 
Hutt River, but they also have significant value in their 
own right as remaining freshwater habitats supporting 
species with limited tolerance to elevated salinity. It is in 
the springs and spring-fed tributaries of the Hutt River 
that most of the invertebrate diversity resides, including 
60 species not found in other wetland types and most of 
the rarer species and those southwestern endemics 
whose Hutt populations are northern outliers. For the 
southwestern endemics, at least, these springs provide 
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permanently moist freshwater refugia in a dry (and 
drying) region. For these reasons, maintaining water 
quality and flow in the springs should be a priority and 
would have further benefit to the Hutt River by 
ameliorating secondary salinity. 

The Hutt Lagoon is one of only a few such coastal salt 
lakes (sometimes known as birridas) in Western 
Australia. Similar wetlands include the Leeman Lagoons 
200 km south of the Hutt River (Susac et al. 2009), Lake 
McLeod near Carnarvon (Halse et al. 2000a) and 
Mandora Marsh east of Port Hedland (Storey et al. 2011), 
but these wetlands have quite different 
hydrogeochemistry and faunas. Other coastal lagoons 
further south in the State, such as the Yalgorup lakes and 
Leschenault Inlet have also very different biotas (DEC 
unpubl. data). Inland saline playas also seem to have 
very different faunas (Pinder et al. 2004; Timms 2009; 
Williams et al. 1998). The locally unique element of the 
Hutt Lagoon fauna is the few crustaceans of marine 
affinity, possibly shared with at least Lake McLeod. Hutt 
Lagoon is intermittently used by large numbers of 
migratory shorebirds, though the extent of this depends 
on availability of other wetlands in the northwest. 
Conservation management issues are the beta-carotene 
production ponds and an existing garnet mine northwest 
of the lagoon, but neither of these are much of a threat to 
the lagoon invertebrate fauna as currently managed. 

The area to the north of Hutt Lagoon has a diverse 
suite of wetlands still in reasonable condition, such as 
Utcha Swamp (site 14) and the Batimea/Cypenis fringed 
swamp (site 13). Utcha Swamp could be considered a 
significant wetland in the region because it is a vegetated 
freshwater lentic wetland in an area where such waters 
are rare, although it is being taken over by Typha 
domingensis, significantly reducing the area of open water 
and submerged macrophytes and therefore invertebrate 
habitat diversity. Utcha Swamp was the only locality for 
the undescribed Arrcnurus sp. 25 water mite and the 
northern beetle Neohydrocoptus subfasciatus, but otherwise 
these wetlands supported very few species not present in 
other wetlands in the catchments. Most of the fauna of 
these wetlands comprises very widespread species. 

In summary, the Hutt catchments contain a variety of 
wetland types supporting an aquatic invertebrate fauna 
that is at least as rich as others that have been surveyed 
with similar intensity in the agricultural zone of 
southwestern Australia. Moreover, we suggest that 
efforts to manage these catchments for conservation 
would protect an element of the fauna not as well 
represented in other catchments intensively managed for 
conservation. 
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Appendix 1 Aquatic invertebrates collected from wetlands sampled in the Hutt catchments. 
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Lecane ludwigii 
hecane luna 
Lecane thalera 
Lecane grandis 
Tripleuchlanis plicata 
Cephalodella gibba 
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Paraplea sp. 

Paraplea n. sp. (ANIC 6) 
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Recent-past subsidence of parts of the Perth Basin has most probably been caused by increased 
groundwater extraction for domestic and agricultural use. However, no dedicated geodetic 
monitoring programs were established when the increased extraction began in around 2000, thus 
setting a challenge to retrospectively quantify and map the subsidence. Differential levelling is 
likely to be less effective as only a few repeat traverses cover the areas thought to be subsiding. 
Repeat gravimetry is totally ineffective because of microseismic vibrations propagating through the 
Perth Basin. Repeat episodic GPS (Global Positioning System) is also likely to be less effective 
because of the few station occupations over several days or weeks and the inherent weakness of 
GPS for height determination. However, from a continuously operating GPS receiver at Gnangara 
and nearby artesian monitoring boreholes, we show that the rate of land subsidence has slowed 
from about -6 mm/yr to about -2 mm/yr since tine reduction of groundwater extraction from the 
Yarragadee Aquifer in around 2005. A promising technique is InSAR (interferometric synthetic 
aperture radar) because it can map large areas, but the lack of historical radar imagery over the 
period of increased subsidence is a hindrance. 

KEYWORDS: geodesy, GPS, gravity, InSAR, land subsidence, levelling, Perth Basin. 


INTRODUCTION 

A broad definition of modern geodesy is that it comprises 
the determination of the size, shape and external gravity 
field of the Earth, including spatiotemporal variations in 
these quantities (Featherstone 2008). One example of the 
latter is the quantification, mapping and monitoring of 
land subsidence, usually followed by interpretation and 
explanation of the physical causes, if possible, and any 
consequences. However, the proper geodetic 
quantification of land subsidence requires time series of 
observations, the longer the better (Coates et al. 1985), but 
these may not always be available in an area that was 
not expected to be subsiding. This will be exemplified in 
this discussion for the Perth Basin. 

The Perth Basin largely comprises -15 km of 
sedimentary rocks that contain several confined and 
unconfined freshwater aquifers, and which abuts the 
Yilgarn Craton to the east at the near-vertical Darling 
Fault. The Darling Fault is currently aseismic (Jakica et al. 
2011), yet vertical ground motion of around -5 mm/yr [by 
geodetic convention, a negative sign indicates 
subsidence] has been detected by a continuously 
operating Global Positioning System (GPS) receiver at 
Gnangara (Bouin & Woppelmann 2010), which is located 
on the Perth Basin. Bouin & Woppelmann (2010 p. 204) 
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could give no explanation for the subsidence, stating 'this 
may reflect a local subsidence of the GPS station, as this 
part of Australia is not susceptible to tectonic 
deformation'. This is true, as local knowledge (see later) 
suggests it is likely to be associated with groundwater 
extraction to satisfy domestic and agricultural demand. 

In 2007-2008, the Western Australian news media 
reported an alarming amount of subsidence in the Perth 
Basin, claiming up to -50 mm/yr in some metropolitan 
suburbs, and attributed it largely to groundwater 
extraction. This was based on a press release originating 
from the University of New South Wales and 
promulgated by the Cooperative Research Centre for 
Spatial Information. It appears that this was an 
overestimate by one order of magnitude based on the 
work of Dawson (2008) and the work presented herein. 
The press release was based on a conference paper (Ng & 
Ge 2007) that had not used independent observations to 
cross-validate their interferometric synthetic aperture 
radar (InSAR) results (Zerbini et al. 2007), or local 
knowledge such as fissures and infrastructure cracking 
that would be likely at this rate of subsidence. The news 
media did not seek independent corroboration: this is 
akin to the exemplary case of cold nuclear fusion 
(Ackermann 2006), where a press release was made 
before subjecting the findings to peer-review. 

Proper quantification, mapping and monitoring of 
recent-past subsidence in the Perth Basin also have 
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implications for sea-level change measurements, because 
the Fremantle and Hillarys tide-gauges are located on it. 
Fremantle provides a long-term record (since 1897) that 
has been given substantial weight in global sea-level 
projections (Church & White 2006), notably because it is 
one of relatively few long-term records in the Southern 
Hemisphere. However, tide-gauges only measure sea- 
level change relative to the land, so if the land is 
subsiding, the relative sea-level change will be 
contaminated (Belpcrio 1993; Aubrey & Emery 1986), as 
will be any future projections (Morner 2004). In short, 
coastal land subsidence causes sea-level rise 
measurements to be exacerbated, but it also makes low- 
lying coastal areas more vulnerable to seawater 
inundations (Brunn 1988). 

Due to increased domestic and agricultural demand 
from the increasing population of the city of Perth and its 
environs, the Western Australian Department of Water 
significantly increased extraction of groundwater from 
the confined Yarragadee Aquifer around the year 2000. 
Figure 1 exemplifies this for the AM27 artesian 
monitoring borehole in the north Perth metropolitan 
region (WA Department of Water code 61615063). There 
has also been groundwater extraction from the confined 
Leederville Aquifer, but the drawdown from the 
Yarragadee Aquifer is more substantial over the recent 
past (Figure 1). 

Simplistically, the extraction of groundwater from a 
confined aquifer allows the weight of the overlying 
sediments to compress the sediments that previously 
hosted the groundwater, resulting in land subsidence. 
The physics of the processes is beyond the scope of this 


paper, but the correlation between groundwater 
extraction and land subsidence is well documented (Chi 
& Reilinger 1984; Bawden et al. 2001), and will be 
demonstrated later in this paper. 

More specifically, we will review the geodetic 
quantification and mapping of recent-past subsidence in 
the context of the Perth Basin, and somewhat uniquely in 
that no dedicated geodetic monitoring programs had 
been established before, during or after the groundwater 
extraction was increased. The groundwater extraction 
from the Yarragadee Aquifer reduced significantly 
around 2005 (Figure 1), so there is the additional 
consideration if there is any time delay of the subsidence 
or whether it has now slowed, stopped or if there is 
rebound due to replenishment of the aquifer. Again, this 
is problematic because of the need for historical time 
series of geodetic data. 

LIMITATIONS ON GEODETIC METHODS 
IN THE PERTH BASIN 

The principal problem with trying to determine land 
subsidence retrospectively in the Perth Basin is the lack 
of repeat geodetic observations, and preferably 
continuous or regularly sampled time series so that 
trends and changes in trends can be determined more 
reliably (Coates et al. 1985). The geodetic techniques 
comprise both terrestrial and space-borne observations. 
Terrestrial techniques include repeat differential levelling 
and repeat gravimetry. Space-borne techniques include 
InSAR and repeat episodic or continuous GPS 
observations. 



K , hoight (|"r tr * s) relative to an arbitrary datum of the water level in the Yarragadee Aquifer showing that it 
courtesy o/the VVA^DeDaUmont^f’w t' 20 ^. 3 *// 16 AM27 borehole - The oscillations are due to seasonal recharge and discharge. Data 

courtesy of the WA Department of Water (http://www.water.wa.gov.au7Tools/Monitoring+and+data/defauIt.aspx). b 


54 






Featherstone et al.: Subsidence in the Perth Basin 


All these techniques should be used relative to a 
vertically stable frame of reference. Fortunately in this 
case, the Yilgarn Craton to the east of the Darling Fault 
can provide such a reference for the terrestrial 
observations of repeat levelling and repeat gravimetry, 
where no vertical displacement is assumed. However, as 
will be discussed in the sequel, very few such 
observations have been collected on this craton. The 
space-based observations of InSAR and repeat or 
continuously operating GPS are tied to a global reference 
frame as implied via the satellite orbits. Nevertheless, 
their vertical stability could be 'calibrated' through 
observations on this craton, but yet again few such 
observations are available. 

Repeat levelling 

Differential levelling measures the height difference 
between ground monuments (benchmarks) using a 
levelling instrument located between two graduated and 
calibrated staves. It is the most precise means of 
determining heights and height differences (Vanicek et 
al. 1980). Details of the field and data reduction methods 
involved are given in any land surveying textbook and 
national standards are set for tolerances (1CSM 2007). 
Levelling has been used by Landgate, the Western 


Australian land information agency, and its predecessor 
organisations (collectively referred to as Landgate), to 
provide reliable heights to its stakeholders. However, this 
has not been specifically for monitoring subsidence in 
the Perth Basin. 

The Australian Height Datum (AHD) forms the 
vertical frame of reference for heights across the 
continent (Roelse et al. 1975), and Landgate is responsible 
for maintaining the provision of AHD heights to its 
stakeholders through a network of physical benchmarks 
in Western Australia. Much of Landgate's levelling 
operations since the establishment of the AHD in 1971 
have focussed on densifying the coverage of benchmarks 
and maintenance by replacing disturbed and destroyed 
benchmarks or correcting erroneous levelling traverses 
when identified. Virtually no past operational focus has 
been on repeat levelling for the purpose of detecting 
subsidence or uplift. As such, there are very few repeat 
levelling observations that can be used to retrospectively 
detect subsidence in the Perth Basin (Figure 2). One 
repeat levelling survey was conducted in 1986 following 
the 1968 Meckering earthquake (Wellman & Tracey 
1987). However, this repeat levelling did not cover very 
much of the Perth Basin, with only four traverses south 
of the Swan River. 
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Figure 2. Levelling traverses (thin black lines) around Perth, location of tide gauges (black squares) at Hillarys (HILL) and Fremantle 
(FREM), location of the AM30Y and AM30Z artesian monitoring bores (black circle), and location of the PERT continuous GPS station 
at Ganagara (black triangle). The thick dashed black lines denote major faults, notably the north-south Darling Fault dividing the 
Perth Basin to the west from the Yilgam Craton to the east. Data courtesy of Geoscience Australia and the Geological Survey of 
Western Australia. 
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When maintaining the provision of heights to users, it 
is convenient and cost-effective to conduct levelling from 
the nearest benchmarks, using as many as practically 
possible so as to ensure observational redundancy. For 
instance, if a benchmark is disturbed or destroyed, the 
replacement benchmark's new height is normally 
determined with respect to several nearby benchmarks, 
which may be only a few hundred metres apart in some 
metropolitan regions. Therefore, if that region is 
subsiding at the same rate, then it will be 'invisible' to 
differential levelling. This is where connection to a stable 
frame or point(s) of reference is needed. Thus, if repeat 
levelling traverses were begun or ended on the Yilgarn 
Craton, the subsidence in the Perth Basin could be 
detected. The principal problem is that no such 
observations had been collected over the period of 
increased groundwater extraction (-2000-2005; Figure 1). 

Taking the ICSM (2007)-recommended allowable 
misclosure for class L2A levelling (the highest quality in 
Australia, but also the most labour intensive) over the 
~50 km-wide Perth Basin (Figure 2) will permit a height 
difference of 14 mm to be detected at -50 km west of the 
Darling Fault. The same value would apply to a repeated 
class L2A levelling traverse. If we assume that GPS- 
derived subsidence of around -5 mm/yr has occurred in 
the Perth Basin (described later), then independent repeat 
class L2A levelling might only be able to start to detect 
subsidence if re-observed after four years. If more 
confidence is required in any observable vertical velocity, 
then the re-observation time will increase accordingly. 

Importantly, however, a misclosure tolerance is not 
the same as a standard error (Filmer & Featherstone 2009; 
Kearsley et al. 1993; Morgan 1992), and as most levelling 
surveys are well within the allowable misclosure, the 
above-stated frequency required for detection could 
possibly be reduced. Also, systematic levelling errors 
such as atmospheric refraction or staff/instrument 
miscalibration (Angus-Leppan 1979; Craymer & Vanicek 
1986) are not accounted for in the above estimate. 
Another problem in terms of a future monitoring 
program using precision levelling is its labour-intensive 
nature. However, repeat levelling has already proven 
useful in the detection of vertical deformation elsewhere 
(Chen et al. 2011). There is some scope for detecting 
subsidence in the Perth Basin if levelling is repeated now 
or sometime in the future. However, the costs are likely 
to be prohibitive. 

Repeat gravimetry 

Since gravitational acceleration decays as an inverse 
square function of the distance from the attracting masses 
(i.e. Newton's law of gravitation), repeat gravimetry or 
gravity measurements can be used to infer changes in 
height (Biro 1983). Taking the linear decay of model 
gravity in free air of 0.3086 mGal/m (Moritz 1980), a 
change in gravity of 0.01 mGal infers a change in height 
of -31 mm. However, using gravimetry to infer height 
changes is a non-unique problem, because changes in the 
mass distribution in the Earth (e.g. due to the extraction 
of large amounts of groundwater) also cause gravity to 
change. As such, repeat gravimetry is a less reliable 
geodetic monitoring technique, but it has been used to 
corroborate subsidence from other geodetic techniques 
(Zerbini et al. 2007; Hwang et al. 2010). 


Gravity can be measured by using absolute or relative 
techniques (Torge 1989). 

Absolute gravimetry uses the fundamental 
dimensions of length and time, provided by laser, to 
measure the rise and fall of a proof mass in vacuum. 
Absolute gravity meters are very expensive (-$800 000) 
and observations need to be conducted over several days 
under quite rigid operating conditions. As such, they are 
not realistic for quantification and mapping of subsidence 
over the Perth Basin. Moreover, there are very few 
historical absolute gravity measurements on the Perth 
Basin, and microseismic noise (described below) renders 
this technique unsuitable. 

Relative gravimetry uses a spring-mounted proof 
mass to sense changes in gravity, akin to a very sensitive 
set of weighing scales. Relative gravimeters are prone to 
instrumental drift, so a base station must be reoccupied 
before and after (and ideally during) the field survey to 
monitor, model and account for the drift. Relative 
gravimeters are much cheaper than absolute ones (-$100 
000). Depending on distance between observation 
stations, a gravity survey crew can collect many (tens to 
hundreds) stations in a day. 

The principal restriction to using repeat relative 
gravimetry to estimate subsidence in the Perth Basin is 
the presence of microseismic noise caused by vibrations 
from ocean-wave action propagated through the 
sediments of the Perth Basin, as well as from wind action 
on vegetation. A feasibility survey was conducted in 
August 2011 to reoccupy some gravity stations observed 
in November 2000 (Kirby 2003). Assuming a linear 
-5 mm/yr rate of subsidence, the total change in height 
should be around -55 mm over this time period, equating 
to a change in gravity of around 0.017 mGal. In ideal 
operating conditions, a modern relative gravimeter (we 
used a Scintrex CG5) can observe gravity to 0.01 mGal, 
equivalent to -31 mm. However, the microseismic noise 
in the Perth Basin in August 2011 was around ±0.2 mGal, 
whereas it was roughly half this for measurements made 
in a forested area of the Yilgarn Craton (on quite a windy 
day). 

This amount of noise makes any gravity-based 
detection of subsidence in the Perth Basin totally 
inconclusive. A noise level of ±0.2 mGal equates to a 
height uncertainty of -±648 mm, just over an order of 
magnitude larger than the postulated -55 mm subsidence. 
In addition, the ways in which regional gravity surveys 
are conducted mean that this uncertainty is compounded 
by the need to monitor instrumental drift. From the ±0.1 
mGal noise at a base station on the Yilgarn Craton during 
the August 2011 feasibility survey, this could add as 
much as a further -±309 mm height uncertainty. 

Another problem in the Perth region is that some of 
the gravity base-station monuments that allow 
connection to the November 2000 survey have been 
destroyed. These are Mt Gunjin (Geoscience Australia 
code 7391.0217) and Perth domestic airport (Geoscience 
Australia code 9191.0117). The gravimeter calibration line 
between Mundaring Weir and Mt Gunjin is now defunct 
because the ground mark at Mt Gunjin has been 
removed, presumably due to vandalism. The base station 
at Perth airport seems to have suffered from 'aesthetic 
vandalism' during refurbishment of the domestic 
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terminal, where a faint mark remains after field 
inspection based on the original access details. We have 
reported both destructions to Geoscience Australia. 

The above factors compound to render repeat 
gravimetry a technique largely unsuitable for 
retrospective or future determination of the subsidence 
of the Perth Basin. 

Repeat GPS 

GPS provides the ellipsoidal height of a ground 
monument relative to a geometrical figure of the Earth. 
Although ellipsoidal heights are incompatible with those 
derived from levelling, repeat determinations of 
ellipsoidal height can be used to determine the 
geometrical rate of subsidence. Details of the field and 
data reduction methods involved are given in any GPS 
surveying textbook. However, GPS is inherently poorer 
for the determination of heights than horizontal 
locations, because of the geometry of the satellites above 
the receiver and the adverse impacts of atmospheric 
refraction (Rothacher 2002). A long occupation time, 
ideally several days or weeks, is also necessary for 
cyclical errors such as multipath to average out. 

Just as for the repeat levelling and repeat gravimetry, 
very few long-occupation repeat GPS observations have 
been acquired on the Perth Basin. Landgate has provided 
information for its repeat GPS data archives, but most of 
these occupations are only for a few hours (and 
sometimes less). Nevertheless, we intend to reprocess 
these data to determine whether they can provide cross- 
validation of the subsidence determined by other 
geodetic techniques. However, we are not hopeful based 
on the inconclusive experience gained from the following 
example. 

In 1999, Landgate occupied the tide-gauge benchmark 
(NMV/F/6A) near the Fremantle tide-gauge (PSMSL code 
111; GLOSS code 53) with GPS for five days. This was 
part of a national project on heights (Johnston & Luton 
2001). A tide-gauge benchmark is a stable point of 
reference for monitoring the height of the tide-gauge, and 
can also be used to maintain a more continuous time 
series of sea-level observations if there are changes to the 
tide-gauge instrumentation. Unfortunately, the NMV/F/ 
6 A benchmark has since been destroyed, but fortunately 
there are differential levelling connections to several 
nearby benchmarks. In 2010, a new ground mark was 
established with largely unobstructed sky views and 
seven days of GPS observations were collected by 
McMullan Nolan Group P/L land surveyors. Differential 
levelling to nearby benchmarks was also conducted, so 
there is a height connection between the GPS surveys. 

We reprocessed these repeat GPS data using four 
independent software packages; Geoscience Australia's 
vl AUSPOS service (http://www.ga.gov.au/geodesy/sgc/ 
wwwgps/); Natural Resources Canada's CSRS (Canadian 
Spatial Reference System) service (http://ess.nrcan.gc.ca/ 
2002_2006/gnd/csrs_e.php); Bernese v5.0 (Dach et al. 
2007); and GIPSY-OASIS v5.0 (https://gipsy- 
oasis.jpl.nasa.gov/). Precise satellite orbits and other 
parameters from the International GNSS Service (IGS; 
Dow et al. 2009) and NASA's Jet Propulsion Laboratory 
(JPL) were used during the processing. The resulting 
ellipsoidal heights were in the ITRF2005 reference frame 


(Altamimi et al. 2007) and apply to the mean time-epoch 
of each GPS survey. This approach to GPS processing is 
quite different to using vendor packages, because of the 
more sophisticated modelling and processing techniques 
employed. 

The results from this particular repeat GPS survey 
were inconclusive because, even using five to seven days 
of measurements, the GPS-determined ellipsoidal height 
near the Fremantle tide-gauge was determined, after 
height corrections for the different benchmarks, to be 
exactly the same in 2010 as it was in 1999. Assuming 
independence and the general law of propagation of the 
variances of each ellipsoidal height estimate at each time- 
epoch, the 'subsidence' over this period was (0±6) mm/ 
yr. Within one-sigma error bounds, this is statistically 
consistent with the —5 mm/yr rate determined from the 
continuous GPS station at Gnangara (described next). Of 
course, there is also the possibility that the Fremantle 
tide-gauge is not subsiding or not at the same rate as 
Gnangara. 

Continuous GPS 

The concept of continuous GPS (CGPS) is to continuously 
operate a GPS receiver and antenna mounted on a 
permanent ground monument to confer the benefit of 
regular GPS observations to monitor the 3D position of 
that station. A CGPS station at Gnangara (IGS code 
PERT) has operated in the Perth Basin since August 1993, 
well before the increased groundwater extraction from 
the Yarragadee Aquifer (Figure 1). 

These data have been analysed by various scientists, 
including this study. For instance, Bouin & Woppelman 
(2010) computed a vertical velocity of -5.21+0.73 mm/yr 
between January' 1997 and November 2006, noting (p. 
204) 'this may reflect a local subsidence of the GPS 
station, as this part of Australia is not susceptible to 
tectonic deformation'. The Gnangara CGPS station, 
though not installed to monitor groundwater-extraction- 
induced subsidence of the Perth Basin, provides the 
strongest evidence that there is subsidence in the 
northern suburbs of Perth. Also, it refutes the —50 mm/ 
yr rate determined by Ng & Ge (2007) using InSAR. 

Another CGPS was installed at Hillarys in 1997 as part 
of a project to monitor the height of tide-gauges in the 
Australian region. During the review cycle of this paper, 
we were granted access to these data by Geoscience 
Australia, but they are not in a form that can be readily 
analysed in a short time frame, particularly because of 
the multiple equipment changes that make the time 
series very discontinuous. Several CGPS stations across 
the Perth region have also been installed as part of a 
commercial venture (http://www.rtknetwest.com.au/), 
which can also be used to monitor the subsidence (Baldi 
et al. 2009). However, several of the monuments are not 
of 'geodetic quality', being located on buildings or metal 
masts. 

We reprocessed the CGPS data from Gnangara using 
daily GPS data files archived by the IGS using the GIPSY 
v5.0 software in precise point positioning mode 
(Zumberge et al. 1997). This processing used fiducial-free 
satellite orbits, satellite clocks and Earth rotation 
parameters from JPL. The resulting ellipsoidal heights 
were transformed to the IGS realisation of the ITRF2005 
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reference frame (Altamimi et al. 2007). These are plotted 
in Figure 3 (bottom panel), which includes a moving- 
average fitted curve, the width of which was determined 
empirically so that the general shape of the fitted curve 
did not alter for an increased window. Figure 3 (top and 
central panels) also shows the change in water depth 
over the same time span from artesian monitoring bores 
AM30Y (WA Department of Water code 61615127) and 
AM30Z (WA Department of Water code 61615043), 
which respectively monitor the Yarragadee and 
Leederville Aquifers, and are located within -3.5 km of 
the Gnangara CGPS station. 

One-year periodic signals of varying amplitudes are 
superimposed on all time series in Figure 3. The seasonal 
signal in the GPS data (bottom panel) is better defined 
than for tire borehole water-depth data (top and central 
panels), most likely because of the much higher 
frequency of measurements. However, the GPS data 
processing did not include modelling of atmospheric- 
pressure-loading effects, which can cause annual signals 
(Petrov & Boy 2004). The break in the time series at the 
start of 2001 was due to equipment malfunction. This 
type of discontinuity can be detrimental to the 
determination of reliable trends from CGPS. The 
increased noise in the CGPS time series beyond 2007 
seems to correlate with the irregularities in the water 
depths in the Yarragadee and Leederville Aquifers, but 
this is only associative and not necessarily causative. 

We used unweighted linear regression to determine 
the vertical velocity of the Gnangara CGPS installation 
for the entire 14 year time series (1997-2011), which gave 
a -4.6 mm/yr rate of subsidence (Table 1). This is slightly 
less than the rate of -5.2 mm/yr determined by Bouin & 
Woppelman (2010) between 1997 and 2007. Looking at 
the bottom panel in Figure 3, Bouin & Woppelman's 
estimate omits the four years where the rate of 
subsidence has reduced (Table 1). To test the effect of 
length of time series used in tine regression, we computed 
linear subsidence rates for three subsets of the time series 
in Figure 3: before, during and after the increased ground 
water extraction (Table 1). We also calculated the linear 
rates of extraction from the Yarragadee and Leederville 
Aquifers at the AM30 boreholes (Table 1). 

The results in Table 1 are somewhat more telling than 
a simple linear regression of the entire time series and fit 
with expectation. First, the Gnangara CGPS station is 
located only -3.5 km from the AM30 boreholes, so it is 
reasonable to assume that there will be good correlation 
between the two sets of measurements. The subsidence 


rate of -5.4 mm/yr before 2000 is due to the previous 
groundwater extraction rate of around 5 m per decade, 
which has been inferred from the longer time series at 
AM27 (Figure 1). The land subsidence rate increases to 
-6.1 mm/yr during the period of increased groundwater 
extraction (around 20 m over five years at AM30Y; Figure 
3 top panel). After the extraction was reduced in 2005, 
the subsidence rate drops to -1.9 mm/yr, but this value is 
more uncertain because of the increased noise in the 
CGPS time series after mid-2007 (bottom panel in Figure 
3). 

The problem with this CGPS data set is that it 
determines the subsidence at a discrete point, so only 
inferences can be made about what may be occurring in 
other parts of the Perth Basin. As already discussed, 
repeat levelling, gravimetry and GPS data are sparse 
and/or unusable. As such, a technique that is capable of 
mapping subsidence over large areas is attractive; InSAR 
is one such candidate. 

InSAR 

Two separate radar images taken from the same satellite- 
borne sensor at two different times (on repeat orbits) are 
overlaid and the images are processed to produce 
interferograms. Any phase difference between two or 
more interferograms at the same point or 'pixel' may be 
interpreted as ground deformation. This is referred to as 
repeat-pass differential InSAR (DlnSAR). For further 
details on the InSAR concept, see Hanssen (2001). 

The observed deformation is along the radar line of 
sight (LoS) between the satellite's position at the time of 
image capture and the point on the ground. Thus, the 
observed deformation is a 3D displacement vector 
(latitude, longitude, height), but these components 
cannot, on their own, be resolved uniquely. Where 
vertical-only deformation is assumed (or indicated by 
levelling or GNSS) the LoS deformation can be projected 
into the vertical direction using the incidence angle of the 
LoS (angle between the local vertical and the LoS) 
(Hansson 2001 p. 162-163). Alternatively, methods such 
as combining interferograms from ascending and 
descending orbits have been used to resolve other 
components (Wright et al. 2004), although the north 
component remains inherently weaker on the 
assumption of a near-polar satellite orbit. 

InSAR has been used successfully to detect ground 
deformation caused by earthquakes, faults and other 
tectonic processes (Massonnet et al. 1993), volcano 
deformation monitoring (Amelung et al. 2000), land 


Table 1 Linear subsidence rates for the Gnangara CGPS station and linear drawdown rates at AM30 for the Yarragadee 
and Leederville Aquifersover different time periods 


Time 

period 

Subsidence 

rate 

(mm/yr) 


Yarragadee 

drawdown 

(m/yr) 

Leederville 

drawdown 

(m/yr) 

1997-2007 

-5.2 

Bouin & Woppelman (2010) 

-2.54 

-0.42 

1997-2011 

-4.6 

Entire 14-year time series 

-2.12 

-0.34 

1997-2000 

-5.4 

Before increased extraction 

-1.19 

-1.53 

2000-2005 

-6.1 

During increased extraction 

-3.21 

+0.53 

2005-2011 

-1.9 

After increased extraction 

-0.09 

+0.06 
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Figure 3. Top panel: change in height (in metres) of water in the Yarragadee Aquifer at AM30Y. Middle panel: change in height (in 
metres) of water in the Leederville Aquifer at AM30Z. Bottom panel: Time series of daily ellipsoidal height estimates (in metres) of the 
Gnangara CGPS station (IGS code PERT). Grey dots are the daily data points; black line is the moving average. See Table 1 for the rates 
and Figure 2 for the locations. Data courtesy of the WA Department of Water (http://www.water.wa.gov.au/Tools/ 
Monitoring+and+data/defaull.aspx) and the IGS 
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subsidence due to water or hydrocarbon extraction 
(Galloway et al. 1998; Fielding et al. 1998) and cryospheric 
changes (Goldstein et al. 1993). The advantages of InSAR 
over other observation methods for detecting ground 
movement are high spatial resolution, the detection of 
sub-centimetre changes, and there are sometimes image 
archives over a study region. However, there are a 
number of restrictions on InSAR to map ground 
deformation. As described below, these are primarily due 
to spatial and temporal decorrelation and atmospheric 
refraction effects (Ferretti et al. 2001). Spatial 
decorrelation is caused by large distances (baselines) 
between the position of the satellite when the different 
radar images were observed (Zebker & Villasenor 1992). 
Temporal decorrelation occurs when the surface 
reflecting the radar signal within each pixel changes over 
time. Large temporal baselines between image pairs (e.g. 
several years) can cause temporal decorrelation in urban 
or built-up areas, while seasonal changes of vegetation 
usually result in total decorrelation in non-urbanised 
regions. 

In addition, when the interferogram is coherent, 
variations in atmospheric conditions causing delay in the 
radar signal (Goldstein 1995) and errors in the satellite 
orbits and/or reference digital elevation model (DEM) can 
introduce additional artefacts into the interferometric 
phase. Processing multiple images in one 'stack' (Lyons 
& Sandwell 2003) can reduce atmospheric, orbital and 
DEM artefacts in the computed vertical velocities. 

The InSAR method of persistent scatterers (PS) 
(Ferretti et al. 2001) uses stable backscattering 
characteristics from natural and man-made objects on the 
ground over long periods, often a number of years (Usai 
& Klees 1999), which can allow the detection of ground 
deformation where conventional DInSAR pairs would 
not necessarily be coherent. Different variants of the PS 
technique have been developed (Hooper et al. 2004; 
Kampes 2005), although these produce largely similar 
results (Sousa et al. 2011). 

Dawson (2008) used InSAR to investigate vertical 
deformation in the Perth metropolitan region using (i) 13 
ERS-1 and ERS-2 satellite images between 1992 and 1997; 
and (ii) five ENVISAT satellite images between 2005 and 
2006. Interferograms were produced using the Doris 
processing software (Kampes & Usai 1999), with in-house 
software used for phase unwrapping and time series 
analysis (Dawson 2008), the latter being based on the 
Small BAseline Subset (SBAS) technique (Bernadino et al. 
2002). The results from Dawson's (2008) study suggested 
subsidence rates of -3 mm/yr for 1992-1997, and -4 mm/ 
yr for 2005-2006, but these are barely statistically 
significant because Dawson (2008 p. 185) indicated that 
-3 mm/yr is only just resolvable. 

These InSAR subsidence rates are variable across the 
Perth metropolitan region but are consistent with our 
CGPS rates at Gnangara (Table 1). Preliminary results 
from our own InSAR processing (not yet ready for 
publication) suggest similar vertical velocities. Some care 
should be exercised when interpreting the 2005-2006 
results from Dawson (2008), primarily because of the 
small number of ENVISAT images (five) available. 
However, Dawson's results from the 1992-1997 ERS-1 
and ERS-2 images contradict the -50 mm/yr rate from Ng 
& Ge (2007) that was obtained from a similar set of 


images. Importantly, the independent CGPS supports the 
rate from Dawson (2008) and also refutes the rate from 
Ng & Ge (2007). 

A limiting factor to InSAR investigations of the Perth 
Basin are gaps in the retrospective imagery record, as 
was also encountered by Dawson (2008). The incomplete 
record is due to the lack of a monitoring program in 
place at the time of the subsidence, as the satellites 
carrying the InSAR sensors were not programmed to 
acquire imagery over the Perth Basin. Hence, there is 
little retrospective InSAR imagery during the period of 
most interest (2000-2005), when large amounts of water 
were being extracted from Yarragadee Aquifer (Figures 
1,3). 

In addition, the few images available are not 
necessarily captured at the same time of the year, which 
makes temporal decorrelation more likely. Multiple 
images during each year can detect seasonal height 
variations, such as expanding clays during wet months 
(Gabriel et al. 1989), which could then be separated from 
the subsidence signal. Specific acquisitions can be 
requested from the relevant space agencies for future 
work if a dedicated monitoring program is to be 
established in the Perth region. 

CONCLUSIONS 

First, there is no independent supporting evidence for 
the -50 mm/yr subsidence reported by Ng & Ge (2007) 
and sensationalised by the Western Australia news 
media. Evidence from reprocessed InSAR imagery and 
independent CGPS suggest that the subsidence is closer 
to -5 mm/yr, but the exact values are spatially and 
temporally variable (Table 1). 

We have described the difficulties involved in 
retrospectively quantifying and mapping subsidence in 
the Perth Basin when there was no monitoring program, 
particularly for small vertical velocities of only a few 
mm/yr. It appears that available InSAR and CGPS data 
are most likely to provide the better information on 
recent-past subsidence, although these are hampered by 
the low spatial resolution of CGPS and gaps in the 
recent-past InSAR record. Repeat gravity observations 
lack the required precision to detect these small vertical 
velocities, but it is possible that future repeat levelling 
and GPS campaigns may provide more supporting 
evidence. 

There is good correlation between changes in the 
depth of the water table in the confined Yarragadee 
Aquifer and the rates of subsidence of the CGPS 
installation at Gnangara (Figure 3). Depending on the 
time-span chosen over which linear regression is applied, 
different subsidence rates can be obtained. Fourteen 
years of data give a subsidence rate of -4.6 mm/yr, but 
this increases to -6.1 mm/yr during the 2000-2005 period 
of increased groundwater extraction. This demonstrates 
that the rate of subsidence is not linear, which needs to 
be taken into account by GPS analysts who do not 
necessarily have such local knowledge (Bouin & 
Woppelman 2010). 

Perth will need a dedicated subsidence-monitoring 
program if future water shortages necessitate re¬ 
commencement of increased groundwater extraction 
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from the Yarragadee Aquifer. This would also be 
necessary to correct relative sea-level change 
measurements at the Fremantle and Hillarys tide-gauges. 

ACKNOWLEDGEMENTS 

WEF, MSF and LMM are supported under the ARC'S 
Linkage Projects funding scheme (project number 
LP110100284). The views expressed herein are those of 
the authors and are not necessarily those of the ARC. We 
would like to thank Geoscience Australia, the Western 
Australian Department of Water, Landgate, the 
Geological Survey of Western Australia, Mr Gerry Nolan 
(McMullen Nolan Group P/L) and Jon Kirby (Curtin 
University) for providing data. We also thank Phil Collier 
and an anonymous reviewer for their constructive 
critiques. 


REFERENCES 

Ackermann E 2006. Indicators of failed information epidemics 
in the scientific journal literature: a publication analysis of 
Polywater and Cold Nuclear Fusion. Scientometrics 66, 451- 
466, doi: 10.1007/sll 192-006-0033-0. 

Altamimi Z, Collilieux X, Legrand J, Garayt B & Boucher C 
2007. ITRF2005: a new release of the International Terrestrial 
Reference Frame based on time series of station positions 
and Earth orientation parameters. Journal of Geophysical 
Research, Solid Earth 112, B09401, doi: 10.1029/2007JB004949. 

Amelunc F, Jonsson S, Zebker H & Secall P 2000. Widespread 
uplift and 'trapdoor' faulting on Galapagos volcanoes 
observed with radar interferometry. Nature 407, 993-996, doi: 
doi:10.1038/35039604. 

Angus-Letpan P V 1979. Refraction in levelling - its variation 
with ground slope and meteorlogical conditions. Australian 
Journal of Geodesy, Photogrammetry and Surveying 31, 27—41. 

Aubrey D G & Emery K O 1986. Australia: an unstable platform 
for tide-gauge measurements of changing sea-level. Journal of 
Geology 94, 699-712. 

Baldi P, Casula G, Cenni N, Loddo F & Pesci A 2009. GPS-based 
monitoring of land subsidence in the Po Plain (Northern 
Italy). Earth and Planetary Science Letters 288, 204-212, 
doi:10.1016/j.cpsl.2009.09.023. 

Bawden G W, Thatcher W, Stein R S, Hudnut K W & Peltzer G 
2001. Tectonic contraction across Los Angeles after removal 
of groundwater pumping effects. Nature 412, 812-815, 
doi:10.1038/35090558. 

Belperio A P 1993. Land subsidence and sea-level rise in the 
Port Adelaide estuary: implications for monitoring the 
greenhouse effect. Australian Journal of Earth Sciences 40, 359- 
368, doi: 10.1080/08120099308728087. 

Bernadino P, Fornaro G, Lanari R & Sansosti E 2002. A new 
algorithm for surface deformation monitoring based on small 
baseline differential SAR interferograms. IEEE Transactions 
on Geoscience and Remote Sensing 40, 2375-2383, doi: 10.1109/ 
TGRS.2002.803792. 

Bir6 P 1983. Time variation of height and graihty. Wichmann, 
Karlsruhe. 

Bouin M N & Woppei.mann G 2010. Land motion estimates from 
GPS at tide-gauges: a geophysical evaluation. Geophysical 
Journal International 180, 193-209, doi: 10.1 1 11/j. 1365- 
246X.2009.04411.X. 

Brunn P 1988. The Brunn Rule of erosion by sea-level rise: a 
discussion on large-scale two-and three-dimensional usages. 
Journal of Coastal Research 4, 627-648. 

Chen K-H, Yang M, Huang Y-T, Ching K-E & Rau R-J 2011. 
Vertical displacement rate field of Taiwan from geodetic 


levelling data 2000-2008. Survey Review 43, 296-302, doi: 
10.1179/003962611X13055561708380. 

Chi S C & Reiunger R E 1984. Geodetic evidence for subsidence 
due to groundwater withdrawal in many parts of the United 
States of America. Journal of Hydrology 67, 155-182, doi: 
10.1016/0022-1694(84)90239-7. 

Church J A & White N J 2006. A 20th century acceleration in 
global sea-level rise. Geophysical Research Letters 33, L01602, 
doi: 10.1029/2005GL024826. 

Coates R J, Frey H, Mead G D & Bosworth J M 1985. Space-age 
geodesy: the NASA crustal dynamics project. IEEE 
Transactions on Geoscience and Remote Sensing 23, 360-368, doi: 
10.1109/T GRS.1985.289425. 

Craymer M R & VanKek P 1986. Further analysis of the 1981 
Southern California field test for levelling refraction. Journal 
of Geophysical Research 91(B9), 9045-9055, doi:10.1029/ 
JB091iB09p09045. 

Dach R, Hugentobler U, Fridez P & Meindl M (Editors) 2007. 
Bernese GPS software version 5.0, Astronomical Institute, 
University of Bern, Switzerland. 

Dawson ] H 2008. Satellite radar interferometry with application 
to the observation of surface deformation in Australia. PhD 
thesis, Australian National University, Canberra (unpubl.). 

Dow J M, Neiuan R E & Rizos C 2009. The International GNSS 
Service (IGS) in a changing landscape of Global Navigation 
Satellite Systems. Journal of Geodesy 83, 191-198, doi: 10.1007/ 
sOO190-008-0300-3. 

Featherstone W E 2008. Geodesy. In: Kemp K K (ed.) 
Encyclopaedia of Geographic Information Science, pp. 171-176. 
SAGE Publications, Thousand Oaks. 

Ferretti A, Prati C & Rocca F 2001. Permanent scatterers in 
SAR interferometry. IEEE Transactions on Geoscience and 
Remote Sensing 39, 8-20, doi: 10.U09/IGARSS.1999.772008. 

Fielding E J, Blom R G & Goldstein R M 1998. Rapid subsidence 
over oil fields measured by SAR. Geophysical Research Letters 
25, 3215-3218, doi: 10.1029/98GL52260. 

Filmer M S & Featherstone W E 2009. Detecting spirit-levelling 
errors in the AHD: recent findings and some issues for any 
new Australian height datum. Australian Journal of Earth 
Sciences 56, 559-569, doi: 10.1080/08120090902806305.' 

Gabriel A K, Goldstein R M & Zebker H A 1989. Mapping small 
elevation changes over large areas: differential radar 
interferometry. Journal of Geophi/sical Research 94, 9183-9191, 
doi: 10.1029/JB094iB07p09183. 

Galloway D L, Hudnut K W, Incebritsen S E, Phillips S P, 
Peltzer G, Roc.lz F & Rosen P A 1998. Detection of aquifer 
system compaction and land subsidence using 
interferometric synthetic aperture radar. Antelope Valley, 
Mojave Desert, California. Water Resources Research 34, 2573- 
2585, doi: 10.1029/98WR01285. 

Goldstein R 1995. Atmospheric limitations to repeat-pass radar 
interferometry. Geophysical Research Letters 22, 2517-2520, doi: 
10.1029/95GL02475. ‘ 

Goldstein R M, Engelhardt H, Kamb B & Frolich R M 1993. 
Satellite radar interferometry for monitoring ice sheet 
motion: application to an Antarctic ice stream. Science 262, 
1525-1530, doi: 10.1126/science.262.5139.1525. 

Hanssen R F 2001. Radar interferometn / data interpretation and 
error analysis. Springer, Berlin. 

Hooper A, Zebker H, Segall P & Kampes B 2004. A new method 
for measuring deformation on volcanoes and other natural 
terrains using InSAR persistent scatterers. Geophysical 
Research Letters 31, L23611, doi: 10.1029/2004GL021737. 

Hwanc C, Cheng T-C, Chenc C C & Hung W C 2010. Land 
subsidence using absolute and relative gravimetry: a case 
study in central Taiwan. Survey Review 42, 27-39, 
doi: 10.1179/003962609X451672. 

ICSM 2007. Standards and practices for control surveys (version 
1.7). Inter-Governmental Committee on Surveying and 


61 



Journal of the Royal Society of Western Australia, 95(1), April 2012 


Mapping, Canberra, http://www.icsm.gov.au/icsm/ 
publications/spl/spl vl-7.pdf 

Jakica S, Quigley M C, Sandiford M, Clark D, Fifield L K & 
Alimanovic K 2011. Geomorphic and cosmogenic nuclide 
constraints on escarpment evolution in an intraplate setting. 
Darling Escarpment, Western Australia. Earth Surface 
Processes and Landforms 36, 449-459, doi: 10.1002/esp.2058. 

Johnston G M & Luton G C 2001. GPS and the Australian 
Height Datum. Proceedings 5th International Symposium on 
Satellite Navigation Technology and Applications, Canberra, 
July 2001 (CD ROM). 

KAMrES B M 2005. Displacement parameter estimation using 
permanent scatterer interferometry. PhD thesis. Delft 
University of Technology, Delft (unpubl.). 

Kampes B & Usai S 1999. Doris: the Delft object-oriented radar 
interferometric software. Proceedings 1TC 2nd ORS 
Symposium, August 1999. 

Kearsley A H W, Ahmad Z & Chan A 1993. National height 
datums, levelling, GPS heights and geoids. Australian Journal 
of Geodesy, Photogrammetry and Surveying 59, 53-88. 

Kirby J F 2003. On the combination of gravity anomalies and 
gravity disturbances for geoid determination in Western 
Australia. Journal of Geodesy 77, 433-439, doi: 10.1007/s00190- 
003-0334-5 

Lyons S & Sandwell D 2003. Fault creep along the southern San 
Andreas from interferometric synthetic aperture radar, 
permanent scatterers, and stacking. Journal of Geophysical 
Research 108, 2047-2070, doi: 10.1029/2002JB001831. 

Massonnet D, Rossi M, Carmona C, Adragna F, Peltzer G, Fiegl 
K & Rabaute T 1993. The displacement field of the Landers 
earthquake mapped bv radar interferometer. Nature 364, 
138-142, doi: 10.1038/364138a0. 

Morcan P 1992. An analysis of the Australian Height Datum: 
1971. The Australian Surveyor 37, 46-63. 

Moritz H 1980. Geodetic Reference System 1980. Bulletin 
Geodesique 54, 395-405, doi: 10.1007/BF02521480 

Morner N-A 2004. Estimating future sea-level changes from 
past records. Global and Planetary Change 40, 49-54, doi: 
10.1016/S0921-8I81 (03)00097-3. 

Nc A H N & Ge L 2007. Application of persistent scatterer in 
InSAR and GIS for urban subsidence monitoring. 
Proceedings IEEE International Geoscience & Remote 
Sensing Symposium, Barcelona, July, paper 1296. 

Petrov L & Boy J-P 2004. Study of tire atmospheric pressure 
loading signal in very long baseline interferometry 
observations. Journal of Geophysical Research - Solid Earth 109, 
B03405, doi: 10.1029/2003JB002500. 


Roelse A, Granger H W, Graham J W 1975. The adjustment of 
the Australian levelling survey 1970 - 1971 (2nd edition). 
Division of National Mapping, Canberra Technical Report 
12 . 

Rothacher M 2002. Estimation of station heights with GPS. In: 
Drewes H, Dodson A H, Fortes L P S, Sanchez L & Sandoval 
P (eds). Vertical reference systems, pp. 81-90. Springer, Berlin. 

Sousa J J, Hooper A J, Hanssen R F, Bastos L C & Ruiz A M 2011. 
Persistent Scatterer InSAR: a comparison of methodologies 
based on a model of temporal deformation vs. spatial 
correlation selection criteria. Remote Sensing of Environment 
115, 2652-2663, doi:10.1016/j.rse.2011.05.021. 

Torce W 1989. Gravimetry, de Gruyter, Berlin 

Usai S & Klees R 1999. SAR interferometry on a very long time 
scale: a study of the interferometric characteristics of man¬ 
made features. IEEE Transactions on Geoscience and Remote 
Sensing 37, 2118_2123, doi: 10.1109/36.774730. 

VanIcek P., Castle R O, Balazs E 1 1980. Geodetic leveling and 
its applications. Reviews of Geophysics and Space Physics 18, 
505-524, doi: 10.1029/RG018i002p00505. 

Wellman P & Tracey R 1987. South-west seismic zone of 
Western Australia: measurement of vertical ground 
movements by repeat levelling and gravity surveys. BMR 
Journal of Geology and Geophysics 10, 225-232. 

Wright T J, Parsons B E & Lu Z 2004. Towards mapping surface 
deformation in three dimensions using InSAR. Geophysical 
Research Letters 3, L01607, doi: 10.1029/2003GL018827. 

Zebker H A & Villasenor J 1992. Decorrelation in interferometric 
radar echoes. IEEE Transactions on Geoscience and Remote 
Sensing 30, 950-959, doi: 10.1109/36.175330. 

Zerbini S, Richter B, Rocca F, Van Dam T & Matonti F 2007. A 
combination of space and terrestrial geodetic techniques to 
monitor land subsidence: case study, the Southern Po Plain, 
Italy. Journal of Geophysical Research 112, B05401, doi: 10.1029/ 
2006JB004338. 

Zumberce J F, Heflin M B, Jefferson D C, Wa tkins M M & Webb 
F H 1997. Precise point positioning for the efficient and 
robust analysis of GPS data from large networks. Journal of 
Geophysical Research - Solid Earth 102, 5005-5017, doi: 
10.1029/96JB03860 

Manuscript received 10 January 2012; accepted 27 March 2012 


62 



Journal of the Royal Society of Western Australia, 95: 63-77, 2012 


Three decades of cetacean strandings in Western Australia: 1981 to 2010 
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Western Australia has an extensive coastline that provides a range of marine habitats for cetaceans. 
This paper constitutes the first comprehensive review of cetacean strandings in the region. From 
1981 to 2010, stranding events were reported to the Western Australian Department of 
Environment and Conservation and recorded in the Western Australian Cetacean Stranding 
Database. During this period a total of 732 cetacean stranding events have been recorded, involving 
34 species and 1753 individuals. Bottlenose dolphins ( Tursiops sp.) were involved in the most 
stranding events (n = 330), while long-finned pilot whales ( Globicephala meins) accounted for the 
largest number of individuals (n = 446 individuals involved in 22 stranding events). The southwest 
of the State is the region with the greatest number of reported stranding events. Sixty percent of 
stranded individuals were found alive. Over 70% of stranded cetaceans found alive were returned 
to deeper water. 

KEYWORDS: cetacean, dolphin, stranding. Western Australia, whale. 


INTRODUCTION 

The coast of Western Australian stretches for 12 889 
km (excluding islands), covers a wide latitudinal range 
and includes a range of marine habitats. Western 
Australia has the most diverse cetacean fauna of all 
Australian states with 37 species confirmed to be 
present (Bannister et al. 1996). With such an extensive 
coastline many sick, injured or dead cetaceans are 
encountered each year. 

Prior to 1981 there was no formal process in place to 
maintain accurate records of stranding events in Western 
Australia and only a portion of events were captured 
through specimen records of the Western Australian 
Museum. In 1982 the Western Australian Cetacean 
Stranding Database was created. Reports of cetacean 
incidents (i.e. stranding, entanglement, ship/vessel strike 
etc) on the Western Australian coast are now routinely 
made to the Western Australian Department of 
Environment and Conservation (DEC) and recorded in 
the database. The department is responsible for 
administration of the Wildlife Conservation Act 1950 and 
managing issues relevant to fauna as defined under the 
Act, which includes whales and dolphins (cetaceans). In 
this capacity, DEC staff attend strandings either to 
investigate the cause of death of animals or to assess the 
live animals to determine what action, if any, is required 
(e.g. rescue attempt, euthanasia) and consequently are 
the major source of information in the database. In a 
small number of cases information was obtained from 
other government officers (e.g. officers from the 
Department of Fisheries), or from members of the public. 
The data presented here do not include records of 
healthy uncompromised animals that were sighted 
frequenting Western Australian waters and required no 
assistance or intervention. Skeletal and DNA materials 
are made available to the Western Australian Museum 
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(WAM) but those records maintained at WAM are not as 
comprehensive as those received and validated by the 
DEC. Reports of incidents received by WAM are referred 
back to DEC in accordance with the Wildlife 
Conservation Act 1950. 

Stranded cetaceans provide a unique opportunity to 
collect DNA, tissue samples, morphometric data and 
demographic data that contribute to our knowledge of 
the biology of these species. There are some species 
which are known only from stranded specimens (e.g. 
Andrew's beaked whale, Mesoplodon bowdoini) (MacLeod 
et al. 2006). Assessments of strandings have been used for 
a number of purposes including determining baseline 
mortality trends for assessing population health 
(Bogomolni et al. 2010), assessing the impact of human 
interaction on cetaceans (Kemper et al. 2005), assessing 
the impact of increased water temperature on cetacean 
communities (MacCleod et al. 2005) and obtaining 
information on the distribution, biology and ecology of 
species. 

Limited information has been published on cetacean 
strandings along the coast of Western Australia. Those 
articles that have been published relate to particular 
stranding events (Anonymous 1981; Edwards 1987; 
McNamara 1987; Mell 1988; Gales 1992) or a particular 
taxonomic group (e.g. beaked whales: D K Coughran 
unpubl. data). Basic stranding data from Western 
Australia have also been included in general assessments 
of the conservation needs of cetacean species (Bannister 
et al. 1996). However, a comprehensive review of 
strandings in the region has not previously been 
undertaken. 

This study aims to describe the cetacean fauna of 
Western Australia based on the stranding record, identify 
patterns in the spatial and temporal distribution of 
stranding events and assess the outcomes of stranding 
events (died, returned to deeper water etc). We also 
discuss the conservation and management implications 
of the findings. 
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METHODS 

In Western Australia, any observations of stranded 
cetaceans that require some form of management are 
reported to DEC and an appropriate response is initiated 
ranging from noting the report to a full-scale rescue 
operation. The events and their outcomes are recorded in 
the Western Australian Cetacean Stranding Database and 
the records in this database were used for this study. 
These reports are investigated and validated by DEC 
before entry into the database by the database custodian 
who has maintained the database since it was created. 
Records of cetaceans recorded between 1981 and 2010 (29 
years) are analysed here. 

For the purposes of this paper a stranding may be 
defined as any event involving the beaching or washing 
up onshore of live or dead cetaceans, but also includes 
dead cetaceans floating within State waters (i.e. up to 
three nautical miles offshore). Incidents where some 
individuals from a group stranded and the rest were 
behaving in a manner that suggested they too would 
strand without intervention were also considered 
stranded. This is similar to other studies that refer to out- 
of-habitat or near-mass strandings also being included in 
analyses of strandings (Aragones et al. 2010). Each record 
in the database represents a single event. Each event may 
involve multiple individuals as it is not uncommon for a 
cow and calf to strand together or, for some species, an 
entire group to mass strand. A mass stranding was 
defined as any event involving three or more individuals 
of the same species. This approach means that mother- 
calf pairs are not included as mass strandings. It was 
sometimes difficult to decide if an event was a mass 
stranding or separate unrelated individual strandings if 
there was significant spatial (c.g. 20 km) and/or temporal 
(i.e. multiple days)spread between individuals or reports. 
For large mass-stranding events it was sometimes not 
possible to accurately count the number of individuals, 
particularly for events involving tens or hundreds of 
individuals, and so for these events the numbers reported 
should be considered estimates. Records where species 
identification was uncertain have been excluded from the 
study. 

We categorised the outcome of stranding events in 
terms of the fate of individuals. The existing database 
does not clearly store this information and so notes in 
comments fields and the original paper records were 
consulted to assign individuals to an outcome category. 
Each individual was assigned to one category only, 
although events involving multiple individuals meant 
that different individuals from the one event may have 
been assigned to different outcomes (e.g. a mass- 
stranding event where some individuals died whilst 
others were returned to deeper water). The categories 
used were: found dead; died; euthanased; returned to 
deeper water; restranded and died; restranded and 
euthanased; restranded and returned to deeper water; 
taken into care and died; taken into care and returned to 
deeper water; and unknown. Those categorised as 
'returned to deeper water' had either involved a rescue 
operation or tidal changes had occurred enabling the 
animals to refloat and return to deeper water. Those 
categorised as restranded had been returned to deeper 
water but had subsequently returned to shore and 
therefore required further intervention. We did not 


examine the information recorded for stranding events to 
identify possible causes of stranding. For records where 
a total length measurement was recorded, an age 
category was allocated to each individual based on age/ 
length species information (Bannister et al. 1996). 

We analysed spatial and temporal trends in the 
number of strandings. The spatial distribution of 
strandings was summarised in relation to the Integrated 
Marine and Coastal Regionalisation of Australia 
(IMCRA) meso-scale bioregions. The bioregions were 
developed to provide a framework for planning resource 
development and biodiversity conservation 
(Commonwealth of Australia 2006). These bioregions are 
referred to in managing fisheries and in planning a 
comprehensive and representative marine reserve 
system. For those stranding records occurring along 
rivers or in estuarine environments, they were allocated 
to the nearest IMCRA region. The seasonality of 
stranding records was assessed by investigating the 
number of records by month for each species with more 
than 20 records. Pearson's chi-squared test was used to 
determine whether the stranding frequency varied 
significantly by season. 

To aid discussion, we grouped species that stranded 
into four broad categories: dolphins, toothed whales, 
baleen whales and beaked whales (Table 1). The 
taxonomic group Delphinidae has some members that 
have been allocated to 'dolphins' and others to 'toothed 
whales'. 

The taxonomy used in this paper follows Bannister et 
al. (1996). The taxonomy of bottlenose dolphins around 
the world is confused by the identification of 'nearshore' 
and 'offshore' populations that have shown 
morphological and genetic differences (Hoelzel et al. 
1998; Hale et al. 2000; Wang et al. 2000). A new species of 
inshore bottlenose dolphin was described in 2011 from a 
very small geographic area of southeastern Australia 
(Charlton-Robb et al. 2011) indicating that the taxonomy 
of bottlenose dolphin is even more complex. The 
taxonomy of bottlenose dolphin records in the database 
is not known and so individual stranding events were 
classified as Tursiops sp. 

RESULTS 

Species, demographics and event types 

A total of 732 cetacean stranding events were recorded 
along the Western Australian coast between 1981 and 
2010, involving 34 species and 1753 individuals (Table 1). 
For most species, records included stranded individuals 
from both sexes and from multiple age-classes. Most 
stranding events involved single animals (n = 681, 93%). 
Twenty-three events (3%) involved groups of two 
animals and 32 events (4%) were of three or more (Table 
2). Mass strandings (i.e. three or more individuals) were 
recorded for 11 species. Fifty-nine percent (n = 1034) of 
the total number of stranded individuals were involved 
in mass strandings. False killer whales (Pseudorca 
crassidens), long-finned pilot whales (Globicephala melas), 
short-finned pilot whales ( Globicephala macrorhynchus) 
and striped dolphins ( Stenella coeruleoalba) have all mass 
stranded with more than 20 animals. Only one mixed 
species mass stranding was recorded during the time 
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Table 1 Species (grouped by family), sex and age category of individual cetaceans stranded 
1981 to 2010. 

in Western Australia from 

Common name 

Scientific name 

No. of 

No. of 

Individuals 

Individuals (age 


individuals 

events 


(sex) 



category) 






M 

F 

7 

A 

SA 

C 

7 

Delphinidae 











DOLPHINS 











Indo-Pacific humpback dolphin 

Sousa chinensis 

5 

5 

4 

- 

i 

1 

1 

2 

1 

Bottlenose dolphin 

Tursiops spp. 

371 

330 

180 

103 

88 

83 

98 

115 

75 

Pantropical spotted dolphin 

Stenella attenuata 

7 

2 

3 

4 

- 

3 

4 

- 

7 

Striped dolphin 

Stenella coeruleoalba 

97 

27 

15 

7 

75 

13 

9 

3 

72 

Spinner dolphin 

Stenella longiristris 

6 

6 

1 

3 

2 

5 

- 

- 

1 

Common dolphin 

Delphinus delphis 

30 

28 

17 

5 

8 

15 

3 

6 

6 

Fraser's dolphin 

Lagenodelphis hosei 

1 

1 

1 

- 

- 

- 

1 

- 

- 

Risso's dolphin 

Grampus griseus 

2 

2 

- 

2 

- 

- 

1 

1 

- 

TOOTHED WHALES 











Melon-headed whale 

Peponocephala electra 

1 

1 

- 

- 

1 

1 

- 

- 

- 

Pygmy killer whale 

Feresa attenuata 

1 

1 

1 

- 

- 

- 

1 

- 

- 

False killer whale 

Pseudorca crassidens 

397 

18 

6 

6 

385 

6 

7 

- 

384 

Killer whale 

Orcinus orca 

8 

2 

1 

2 

5 

1 

- 

2 

5 

Short-finned pilot whale 

Globicephala macrorhynchus 

52 

7 

1 

2 

48 

10 

2 

1 

39 

Long-finned pilot whale 

Globicephala melas 

446 

22 

23 

15 

408 

20 


9 

417 

Physeteridae 











Sperm Whale 

Physeter macrocephalus 

57 

36 

12 

14 

31 

15 

2 

6 

34 

Kogiidae 











Pygmy sperm whale 

Kogia breviceps 

18 

18 

3 

8 

7 

8 

2 

8 

- 

Dwarf sperm whale 

Kogia simus 

5 

4 

- 

4 

1 

2 

3 

- 

- 

BALEEN WHALES 











Balaenidae 











Southern right whale 

Eubalaena australis 

6 

6 

1 

2 

3 

3 


1 

2 

Neobalaenidae 











Pygmy right whale 

Caperea marginata 

6 

6 

3 

1 

2 

2 

2 

1 

1 

Balaenopteridae 











Minke whale 

Balaenoptera acutorostrata 

22 

22 

4 

7 

11 

- 

3 

15 

4 

Bryde’s whale 

Balaenoptera edeni 

1 

1 

- 

- 

1 

- 

1 

- 

- 

Blue whale 

Balaenoptera musculus 

1 

1 

1 

- 

- 

1 

- 

- 

- 

Pygmy blue whale 

Balaenoptera musculus brevicauda 

4 

4 

1 

3 

- 

4 

- 

- 

- 

Fin whale 

Balaenoptera physalus 

2 

2 

1 

1 

- 

1 

1 

- 

- 

Humpback whale 

Megaptera novaeangliae 

139 

138 

42 

27 

70 

24 

22 

81 

12 

BEAKED WHALES 











Ziphiidae 











Cuvier's beaked whale 

Ziphius cavirostris 

4 

4 

- 

2 

2 

- 

3 

- 

1 

Arnoux's beaked whale 

Berardius amuxii 

1 

1 

1 

- 

- 

1 

- 

- 

- 

Shepherd's beaked whale 

Tasmacetus shepherdi 

4 

2 

- 

1 

3 

1 

- 

- 

3 

Andrew's beaked whale 

Mesoplodon bowdoini 

2 

2 

2 

- 

- 

- 

1 

1 

- 

Blainville's beaked whale 

Mesoplodon densirostris 

1 

1 

1 

- 

- 

- 

1 

- 

- 

Gray's beaked whale 

Mesoplodon grayi 

40 

22 

11 

15 

14 

7 

6 

14 

13 

Hector's beaked whale 

Mesoplodon hectori 

2 

2 

- 

2 

- 

1 

1 

- 

- 

Strap-toothed beaked whale 

Mesoplodon layardii 

8 

4 

2 

- 

6 

2 

- 

1 

5 

True's beaked whale 

Mesoplodon mirus 

6 

4 

4 

2 

- 

1 


3 

2 


TOTAL: 

1753 

732 

342 

238 

1172 

231 

175 

270 

1084 


A, adult; SA, subadult; C, calf; ?, not recorded or could not be determined in the field. 


period considered in this study. It occurred at Hamelin 
Bay in March 2009 and involved 87 long-finned pilot 
whales and five bottlenose dolphins. There is an unusual 
record of two humpback whales stranding together at 
the Abrolhos Islands. These individuals were caught in a 
lagoon and were both returned to deeper water when the 
tide changed. 

The largest mass stranding involved at least 320 
long-finned pilot whales that came into the shallows at 


Dunsborough. This number was estimated from aerial 
photographs of the incident when 19 individuals came 
ashore and died and the rest of the pod were also 
expected to have stranded without the fast response and 
persistence of rescuers to herd the pod back to deeper 
waters. 

Species that rarely stranded (less than five records) 
were Risso's dolphin (Grampus griseus), Fraser's dolphin 
(Lagenodelphis hosei), pygmy blue whale (Balaenoptera 
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Table 2 Cetacean stranding events along the Western Australian coast for species that had stranding events involving 
more than one animal between 1981 and 2010. Events involving three or more individuals are considered mass 
strandings. 

Species 

1 

2 

3-5 

Number of individuals 

6-10 11-20 21-50 

51-100 

101-320+ 

Delphinidae 









Bottlenose dolphin 

313 

11 

3 

3 

- 

- 

- 

- 

Pantropical spotted dolphin 

1 

- 

- 

1 

- 

- 

- 

- 

Striped dolphin 

22 

1 

1 

1 

- 

2 

- 

- 

Common dolphin 

26 

2 

_ 

_ 

- 

- 

- 

- 

False killer whale 

12 

1 

1 

_ 

_ 

- 

2 

2 

Killer whale 

1 

_ 

_ 

1 

_ 

- 

- 

- 

Short-finned pilot whale 

5 

_ 

_ 

1 

_ 

1 

- 

- 

Long-finned pilot whale 

18 

1 

_ 

_ 

1 

- 

1 

1 

Physeteridae 









Sperm whale 

33 

- 

1 

2 

- 

- 

- 

- 

Kogiidae 









Dwarf sperm whale 

3 

1 

_ 

_ 

- 

- 

- 

- 

Balaenopteridae 









Humpback whale 

138 

1 

_ 

_ 

- 

- 

- 

- 

Ziphiidae 









Shepherd's beaked whale 

1 

_ 

1 

_ 

_ 

- 

- 

- 

Gray's beaked whale 

14 

3 

4 

1 

_ 

- 

- 

- 

Strap-toothed beaked whale 

3 

_ 

1 

. 

_ 

- 

- 

- 

True's beaked whale 

2 

2 


- 

- 

- 

- 

- 


musculus brevicauda), pygmy sperm whale ( Kogia 
breviceps), dwarf sperm whale (Kogia simus ), Arnoux's 
beaked whale (Berardius arnuxii), Blainville's beaked 
whale ( Mesoplodon densirostris) and Hector's beaked 
whale (Mesolpodon hectori). Many of these species are 
considered rare but some simply do not strand often (e.g. 
pygmy blue whale). Dolphins were involved in the 
largest number of events (401) whereas beaked whales 
were involved in the fewest events (42). The species that 
accounted for the most stranding events was the 
bottlenose dolphin (330), whilst the long-finned pilot 
whale accounted for the most individuals (446). 

Thirty-four species were recorded as stranded during 
this study including three species not recorded by 
Bannister et al. (1996) bringing the total number of species 
recorded for Western Australia to 40. The additional 
species were Fraser's dolphin, pygmy blue whale and 
Hector's beaked whale. 

The demographics of stranded cetaceans are shown in 
Table 1. There is a male bias in strandings of dolphins in 
the Delphinidae group with 64% of those sexed being 
male (n = 343). Individual species that demonstrated a 
clear male bias in stranding were humpback whales 
(61%, n = 69) and bottlenose dolphins (64%, n = 283). 
There was some evidence that bottlenose dolphins 
sometimes stranded in all-male groups, with two 
strandings of all-male groups of four and 10 individuals 
in the Mandurah Region. Sex and length (and therefore 
age) were recorded for only a small proportion of 
stranded toothed whales, 12 and 13%, respectively. 

Among baleen whales, calves accounted for 60% of 
the individuals for whom length was measured or 
estimated (and therefore age could be estimated). A bias 
towards more calves stranding was observed for a 
number of species. Calves accounted for 31% of 
bottlenose dolphin strandings, 58% of humpback whale 


(Megaptera novaeangliae) strandings, 68% of minke whale 
(Balaenoptera aculorostrata ) strandings and 35% of Gray's 
beaked whale ( Mesoplodon grnyi) strandings. For stranded 
sperm whales (Physeteridae and Kogiidae), 54% of 
strandings were considered adults based on length. 

Spatial distribution of strandings 

Stranding events recorded in the database were not 
evenly distributed along the Western Australian coastline 
(Figure 1). The greatest density of strandings were 
recorded close to areas of high human population 
density. Very few strandings have been recorded from 
the Kimberley, Pilbara and Nullabor coasts. 

A large number of bottlenose dolphin and humpback 
whale strandings have been recorded in the database so 
it was considered useful to investigate any spatial trends 
observed in these data separately. These two species 
collectively account for almost two thirds (n = 468 of 732, 
63.9%) of stranding events (45.1% and 18.9% for each 
species, respectively). 

Tine majority of bottlenose dolphin records were from 
the Swan River, Mandurah Estuary/Peel Inlet and 
Bunbury harbour areas and the coastline in between 
(Figure 2). Woodman Point was also a common place for 
bottlenose dolphin to strand. There were several records 
from Shark Bay where there has been ongoing research 
into bottlenose dolphins for many years and a general 
public interest because of the group of dolphins 
habituated to being fed at Monkey Mia. 

Humpback whales have a geographical spread of 
records similar to bottlenose dolphins but are less 
concentrated between Perth and Mandurah (Figure 3). A 
cluster of 15 humpback whale strandings occurred along 
the 28km length of coast between Marmion and Alkimos 
and another cluster of six strandings along a 14km length 
of coast between Wedge Island and Lancelin. The North 
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Figure 1. Distribution of cetacean stranding records in Western Australia summarised by Integrated Marine and Coastal 
Regionalisation of Australia meso-scale bioregions, 1981-2010. 


West Cape, particularly the northern third of the 
peninsula, also accumulated a cluster of strandings with 
eight records for the area. 

Most mass strandings have occurred in the vicinity of 
Busselton and Augusta in the southwest Capes region 
(Figure 4). In addition, four mass strandings of bottlenose 


dolphins have occurred in the Mandurah area together 
with more than 40 strandings of individuals or mother 
and calf pairs making it a common area for bottlenose 
dolphin strandings. These strandings are predominantly 
associated with spring tides, the dolphins being caught 
in shallow water or on mudflats of the estuary. 
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Figure 2. Distribution of bottlenose dolphin strandings from Western Australia 1981-2010. 
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Figure 4. Locations of mass stranding events of cetaceans (3 or more individuals) in Western Australia 1981-2010. 


Temporal distribution of strandings 

The number of stranding events recorded in the Western 
Australian Cetacean Stranding Database each year is 
shown in Figure 5. The frequency of strandings has 
remained relatively stable over the 29 years with 24 (± 4) 
events per year. An obvious exception is 2009 when an 
unusually high number of bottlenose dolphin (n = 36) 
and humpback whale (n = 46) strandings occurred. 


A species with an apparent change in frequency of 
strandings over time is the common dolphin (Delphius 
delphis) (Figure 6). The majority of stranding events for 
the species occurred between 1985 and 1997 (26 events) 
after which only two stranding events have been 
recorded, both in 2010. 

For each species listed in Table 3, the observed 
seasonal distribution of strandings was compared to an 
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Figure 5. Number of cetacean stranding records for Western Australia over time 1981-2010. 


expected even distribution of strandings across all 
seasons using a Pearson's chi-squared test. Seasonal 
stranding patterns differed significantly from expected 
even-seasonal distribution for bottlenose and common 
dolphins, minke, humpback and Gray's beaked whales. 
All other species showed no significant differences. 
Strandings peaked in spring for minke, humpback and 
sperm whales, whereas autumn was the peak for 
bottlenose, striped and common dolphins. Gray's beaked 
whale strandings peaked in summer. There were fewer 
strandings of dolphins in winter months than any other 
season. 

Outcomes and fate 

Of the 1753 cetaceans stranded along the Western 
Australian coast between 1981 and 2010, 695 were found 
dead and 1047 were found alive (Table 4). Of those found 
alive, 70% were returned to deeper water and although 
the ultimate fate of those individuals is largely unknown, 
6 % of those returned to deeper water are known to have 
restranded. In an attempt to determine the fate of 
cetaceans returned to deeper water, individual 
identification numbers were freeze branded onto 65 
individuals (from seven species) that were returned to 
deeper water. Of the animals which were freeze branded, 


the only individuals that were resighted were bottlenose 
dolphins. A few freeze branded bottlenose dolphins that 
inhabit the Mandurah area have stranded multiple times. 

Toothed whales were much more likely to be returned 
to deeper water (62%) (irrespective of ultimate fate/ 
outcome of the individuals) than baleen whales (only 8% 
returned to deeper water). Most stranding records of 
dolphins and baleen whales were carcasses (69% of each 
group). A higher proportion of beaked whales were 
observed to strand whilst alive and subsequently die (34%) 
than any other group. Many of these individuals were 
noted in the database to have died shortly after stranding. 
Beaked whales were sometimes seen milling around close 
to shore in the days or weeks leading up to a stranding 
event that drew public attention and meant they were 
more likely to be observed soon after they stranded. 

A total of 58 individuals representing 12 species were 
euthanased by DEC staff or veterinarians. Euthanasia 
was performed primarily on individuals from mass- 
stranding events or on baleen whales. A total of 13 
individuals out of 139 strandings of humpback whales 
were euthanased. The technique developed for 
euthanasia of humpback whales through the experience 
of these strandings is described in Coughran et al .[2012 
(in press)]. 


Table 3 Seasonal distribution of stranding events and chi-squared values for species where the sample size of stranding 
events was < 20 between 1981 and 2010. 


Species 

Summer 

Dec-Feb 

Autumn 

Mar-May 

Winter 

Jun-Aug 

Spring 

Sep-Nov 

X 2 

df 

P 

Bottlenose dolphin 

82 

97 

57 

94 

12.036 

3 

0.007 

Striped dolphin 

6 

9 

4 

8 

2.185 

3 

0.534 

Common dolphin 

8 

14 

3 

7 

11.714 

3 

0.008 

Long-finned pilot whale 

7 

3 

6 

6 

1.64 

3 

0.650 

Minke whale 

1 

1 

r r 
/ 

12 

16.143 

3 

0.001 

Humpback whale 

8 

4 

51 

75 

102.754 

3 

<0.0001 

Sperm whale 

9 

5 

8 

12 

2.941 

3 

0.401 

Gray's beaked whale 

17 

4 

1 

0 

33.640 

3 

<0.0001 
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Figure 6. Strandings of common dolphins (Delphinus delphis) along the Western Australian coast between 1981 and 2010. 


DISCUSSION 

The standing data in the Western Australian Cetacean 
Stranding Database closely reflected the known cetacean 
fauna composition of the region according to Bannister et 
al. (1996) but has contributed an additional three species 
not previously recorded for the region. Stranding 
databases are known to be useful for recording rare 
species and have provided comparable cetacean fauna 
lists to at-sea sightings or boat surveys (Maldini et al. 
2005; Pikesley et al. 2011). Stranding data are better at 
representing species not easily detected in systematic 
sighting surveys because of factors such as body size, 
surfacing behaviour or pelagic life histories (Maldini et 
al. 2005; Danil et al. 2010). 

Stranding data can provide information on age 
structure (Evans et al. 2002; Evans & Hindell 2004). Mass 
strandings, where individuals are likely to be from the 
same social group, are particularly useful for 
determining age structure. However, in Western 
Australia, detailed or comprehensive demographic 
information has not been collected for mass strandings of 
large numbers of individuals. False killer whales and 
long-finned pilot whales are well-known for mass 
stranding and accounted for a large number of the 
stranded animals recorded in Western Australia in single 
events but only a small percentage had sex, length and 
other biological information recorded. This probaby 
reflects the logistical difficulty in taking observations and 
measurements from a large number of animals when the 
management of crowds, human safety and successful 
return to sea of the animals takes priority. Determination 
of sex may not be possible if the ventral surface and 
genital area is not visible and the animal cannot 
physically be moved. 

Recording an estimate of age of stranded cetacean 
can provide information on age groups within species 
that are at higher risk of stranding. This has the 
potential to lead to conservation action if the cause for a 


particular age group being susceptible is preventable. 
However, it may also simply provide information on 
the natural mortality rates of a species. A large 
proportion (31%) of bottlenose dolphin strandings in 
Western Australia were calves. This is consistent with 
findings from Shark Bay that show natural calf 
mortality to be 44% of calves before age three (Mann et 
al. 2000). In contrast, Kemper & Ling (1991) reported 
that calves only accounted for 9% of bottlenose dolphin 
strandings in South Australia. 

Stranding data can also show seasonal trends which 
provide information about migration or movements 
patterns of cetacean species (Danil et al. 2010). For 
humpback whales and minkc whales in Western 
Australia the peak in strandings (predominantly calves) 
between July and November coincides with their known 
migratory patterns and breeding season for the region 
(Kasamatsu et al. 1995; Jenner et al. 2001). For Gray's 
beaked whale the reason for the seasonality of strandings 
is unknown but it may be related to ocean temperatures 
with the waters off the south coast and southwest corner 
of the State being cooler in the summer months due to 
ocean currents. In summer, the Leeuwin Current that 
brings warm water southwards is weakest and the Cape 
Current which brings cool water northwards around the 
southwest corner of Western Australia is strongest 
(Pearce & Pattiaratchi 1999). This means that the coastal 
water temperature is more comparable to the subantarctic 
and temperate waters that Gray's beaked whale is known 
to inhabit (Bannister et al. 1996). 

The majority of common dolphin strandings occurred 
along the south coast between 1985 and 1995 which is a 
period when the seasonal catch of the west coast purse- 
seine fishery was high (Molony & Lai 2010). Common 
dolphins are known to have been taken by this fishery 
with 33 entanglement deaths reported between 1989 and 
1994 (Gales et al. 2003). It is likely that some of the 
strandings recorded during the period were associated 
with the fishery (e.g. bycatch) or were attracted to the 
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area by the same fish stocks that were being targeted by 
the fishery. The fishery collapsed when mass mortalities 
of Australian pilchards occurred in 1995 and 1998/99 
(Gaughan et al. 2000), after which very few common 
dolphin strandings have been recorded. 

Other studies have reported an increase in the 
number of strandings reported each year over time 
(Norman et al. 2004; Maldini et al. 2005; Leeney et al. 
2008; Aragones et al. 2010; Danil et al. 2010). This has 
been attributed to an increase in the number of 
observers and observer effort. For Western Australia, 
except for 2009, the number of strandings reported each 
year is relatively consistent. 

An unusually high number of bottlenose dolphin and 
humpback whale strandings occurred in 2009. The 
dolphin strandings included the recovery of six 
bottlenose dolphin carcasses within the Swan-Canning 
Estuary over a five-month period (Beazley 2010; 
Holyoake et al. 2010). Post-mortem examination of four 
dolphins found that the mortalities were associated with 
viral, bacterial, and/or fungal infection and identified 
entanglement injuries, contaminant burdens, and stress 
from human activities as potential contributing factors. 
The increase in humpback whale strandings is being 
investigated and will be reported elsewhere. 
Investigations are focusing on evidence for the 
population reaching carrying capacity. A large 
proportion (61%) of the 2009 strandings of humpback 
whales were calves and this bias towards very young 
animals stranding was also evident in 2008 and 2010. 

As discussed by Norman et al. (2004) many factors can 
potentially affect the observed distribution and frequency 
of strandings. The most obvious factors relate to the 
underlying abundance of species and the probability of 
detection given human population density. Other factors 
relate to our ability to find the carcass or for it to reach 
the shore before it sinks, decomposes, becomes 
scavenged or is taken back out to sea by tides. Factors 
such as ocean currents, weather patterns, coastline 
geography and undersea topography also affect where 
and when a cetacean may reach the shore. All these 
factors make it difficult to draw conclusions about the 
distribution and abundance of species based on stranding 
data. 

It is common for a greater number of strandings to be 
reported from areas with high human population density 
(Kemper & Ling 1991; Maldini et al. 2005). The Western 
Australian coastline is extensive and many areas, 
particularly in the north of the State, are sparsely 
populated. Very few strandings have been recorded from 
the sparsely populated Kimberley, Pilbara and Nullarbor 
coasts. These regions are remote and often have poor 
access to the coast both from the land (e.g. few roads) 
and from the sea (e.g. rocky shores or cliffs). It is difficult 
to maintain an active stranding network in sparsely 
populated areas and a large amount of effort would be 
required to extend reporting networks to be consistent 
along the entire coastline (Maldini et al. 2005). The 
logistics and cost of responding to strandings in remote 
stretches of coastline mean that many cetaceans will be 
found long after the initial stranding, if at all. This must 
be acknowledged as a limitation of the data, and must be 
considered in any spatial analysis of the fate of stranded 
animals. 


Spatial and temporal patterns in observation effort 
may also result in a bias in the species reported or season 
in which most strandings are reported. The trend for a 
large portion of dolphin and Gray's beaked whale 
records to be observed in warmer months could be an 
artefact of a greater number of potential observers 
visiting and spending time on beaches during summer 
for recreation (Kemper & Ling 1991; Norman et al. 2004). 
The high number of reported bottlenose dolphin 
strandings is likely a result of the significant overlap in 
their preferred habitat and the coastal and estuarine 
areas frequented by people, but it may also be attributed 
to a particular interest in the community for that species. 
Bottlenose dolphins inhabit areas popular for water- 
based recreation and sometimes actively interact with 
fishing boats (Finn et al. 2008; Donaldson et al. 2010) and 
swimmers making them highly visible to people. 
Bottlenose dolphins are a well-studied cetacean species 
in Western Australia and so the high number of reported 
strandings may be partly a result of this concerted 
scientific effort and scientific interest. 

The concentration of stranding records that occurred 
in the southwest of the State may not simply be related to 
observer effort and population density. The southwest 
corner of Western Australia has tidal and geographical 
features that mean there is a greater potential for 
strandings to occur and for them to then be observed 
than in the north of the State. The difference between 
high tide and low tide is far greater in the north of 
Australia, especially the Canning IMCRA bioregion 
(Interim Marine and Coastal Regionalisation for 
Australia Technical Group 1998), meaning any carcass 
washed ashore is likely to be washed back out to sea 
with the next high tide which reduces the time available 
to observe and report the carcass. The south coast is a 
complicated coastline consisting of a series of sandy 
lunate bays with rocky headlands that can potentially 
snag dead or moribund cetaceans. The continental shelf 
is also closer to shore in the south compared to the north 
of the State which increases the chance of pelagic species 
coming close to the coast and stranding or being washed 
ashore in an intact state. Kemper & Ling (1991) discuss 
the complexity of coastlines and shallowness of waters 
offshore between States in Australia in relation to the 
number of mass-stranding events and conclude States 
with shallow waters and/or an uncomplicated coastline 
have fewer mass strandings (i.e. South Australia, 
Victoria, Queensland, New South Wales). 

Strandings may also be more abundant in some areas 
because the productivity of the marine environment is 
high due to certain oceanographic features such as where 
upwellings occur or where deep sea canyons are present 
(Kemper & Ling 1991). An extremely large deep sea 
canyon is present off Perth and there are numerous 
smaller canyons along the south coast (Harris et al. 2003). 
The Perth Canyon is known to promote localised 
upwelling and enhances both the production and 
physical aggregation of plankton that attracts feeding 
pygmy sperm whales (Rennie et al. 2009). 

Management implications 

This study has aimed to describe the cetacean fauna of 
Western Australia, identify any spatial and temporal 
patterns of strandings and assess the outcomes of 
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stranding events. The efficiency of the stranding 
reporting and response network has not been the focus 
of this study but it may be worthy of further 
investigation and review. The Western Australian 
Cetacean Stranding Database contains a high proportion 
of events where the animals were reported as stranding 
live (60%) and therefore required some form of 
assistance. In comparison, in South Australia only 15% of 
stranding records involved animals which were reported 
as stranding alive (Kemper & Ling 1991). The high 
proportion of live strandings reported in Western 
Australia is likely to be attributable to the nature of the 
datasets. The dataset used by Kemper & Ling (1991) 
utilised museum specimens whereas the dataset used for 
this study records incidents where a management 
response was required and is therefore more likely to 
contain live strandings where rescue was attempted. Of 
those found stranded alive in Western Australia, over 
70% were rescued (i.e. returned to deeper water). A 
review of the stranding reporting and response network 
would be beneficial to identify aspects that work well 
and those that require improvement. 

Each record of a stranded cetacean in the Western 
Australian Cetacean Stranding Database required some 
kind of management action by DEC. At the most basic 
level, the reporting of a cetacean carcass may have 
required an investment of time to acquire relevant 
information and to enter the relevant details into the 
database. Reports of live strandings usually required a 
much more elaborate management response. Based 
purely on the number of recorded stranding events, 
bottlenose dolphins and humpback whales required the 
largest commitment of resources in Western Australia. 
These two species also accounted for a large number of 
individuals reported stranding alive, and of the 
individuals requiring some form of management 
response such as an effort to return the animals to deeper 
water or to undertake euthanasia. Other notable species 
requiring investments of resources to support 
management responses were those species that mass 
strand, particularly long-finned pilot whales and false 
killer whales. Mass-stranding events require a 
disproportionate amount of time and resources to 
manage than events involving single individuals. Mass 
strandings involve a large number of volunteers to 
coordinate, significant public attention and difficult 
logistics to undertake the rescue operations (Edwards 
1987; McNamara 1987; Mell 1988). 

Management of strandings is different for each group. 
Dolphins and beaked whales generally strand individually 
or in small groups, and their physical size enables them to 
be handled by fewer people with less mechanical 
assistance. Baleen whales almost exclusively strand 
individually and do not lend themselves to rescue because 
stranded individuals are often in very poor condition and 
their weight and size makes moving them without injury 
extremely difficult. Management of baleen whale 
strandings primarily involves crowd management, 
euthanasia, appropriate carcass disposal and hygiene 
protocols. Toothed whales that mass strand require large 
logistical support to manage volunteers and coordinate 
rescue attempts. Having a pre-prepared general response 
plan for groups of cetacean species and incident types 
assists in providing an efficient and appropriate response. 


The DEC has adopted the Australian Inter-Service 
Incident Management System (AIIMS) (http:// 
knowledgeweb.afac.com.au/training/aiims accessed 2 
March 2012), which provides a total systems approach to 
all incident management involving risk. The 
management system is a structure that ensures all vital 
management actions and procedures are undertaken 
properly. It is a modular structure that expands or 
contracts depending on the size or stage of the incident 
(i.e. one animal involving one person undertaking 
multiple tasks to multiple animals involving many 
people with specific tasks). 

In conclusion, the study of strandings in the Western 
Australian Cetacean Stranding Database has provided a 
comprehensive list of cetacean fauna recorded in Western 
Australia. The dominance of bottlenose dolphins and 
humpback whales in the stranding record indicate that 
these species require particular attention to ensure 
management resources are allocated most effectively in 
the future. The spatial pattern of strandings and mass 
strandings confirms that the southwest of the State is 
currently, and will likely remain, the region of the 
greatest number of reported stranding events. 
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